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Solution-processing of metal oxides and sulfides is considered as one of the promising electronics 
technologies due to its simple, cheap, and large-area processability. This thesis covers developing 
solution-processing techniques for metal oxides and sulfides, and their device applications. Firstly, 
newly developed sol-gel method for amorphous HfO2, ZrO2, and Ta2O5 is introduced. The processed 
oxides exhibited high visible transparency and dielectric constant (κ), and excellent electrical insulation. 
Then, they were applied to thin film transistors (TFTs) as high-κ gate dielectrics. The incorporation of 
solution-processed metal oxides led to the devices exhibiting comparable field-effect mobility and 
significantly reduced operating voltage (~ 95% reduction) than the devices with a conventional SiO2 
gate dielectric. Next chapter is devoted to the introduction of efficient and universal metal sulfide 
precursors. Simple mixing of alkanethiolates with metal acetates (or isopropoxides) allowed the 
formation of soluble metal thiolates, which are the resultant precursors for metal sulfides. 
Decomposition of metal thiolates occurred via SN1 reaction, giving carbon-free metal sulfide films with 
volatile dialkylsulfide byproducts. It is further found that mixing two (or three) precursors results in 
ternary (or quaternary) sulfide compounds. Based on this, CdS TFTs and CuInS2 thin film solar cells 
are fabricated and characterized. Following chapters deal with another solution-processing approach, 
synthesizing colloidal nanoparticles. To prepare efficient electron transporting layer for polymer solar 
cells, colloidal ZnO and TiO2 nanoparticles are prepared. By using the nanoparticle solutions, ZnO and 
TiO2 thin films were successfully deposited on ITO substrates without any possible damages to pre-
coated Ag quantum dots on the substrates. It is observed that surface plasmon resonance peaks are 
strongly affected by the refractive index of surrounding oxide medium. Computer simulation further 
unveils detailed behavior of incident photons interacting with Ag quantum dots surrounded by solution-
processed metal oxide media. Finally, simple and efficient strategy to boost colloidal stability of ZnO 
nanoparticles are discussed. The addition of a coordination complex, titanium diisopropoxide 
bis(acetylacetonate) significantly improved colloidal stability of ZnO nanoparticles in methanol, 
isopropanol, and chlorobenzene. Acetylacetonates on the surface of the nanoparticles effectively 
reduced the aggregation between the nanoparticles and the electron donation from Ti filled up deep 
level traps, which results in the reduced trap-assisted radiative recombination. In the device applications, 
it is confirmed that the colloidal stability of functionalized ZnO nanoparticles is prolonged at least 2 
months. Not only comparable material properties of solution-processed oxide and sulfide thin films 
with those of the films prepared via conventional processing, but additional positive contributions to 
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CHAPTER 1.  Introduction 
ince 3rd industrial revolution, we are living in an era where we are not able to predict the near-
future lifestyle. You work with computers in your company, communicate with someone far 
away. The progress on mobile payment technology made you no longer need to carry paper money 
to buy things. No one could imagine watching 4K movies or TV shows with a massive screen in your 
room via live streaming. Most of cars on the road will be driverless cars in the near future. Our life 
is being affected by the development of electronics technology. 
 
 
Figure 1. 1. Summary of two mainstreams in electronics research 
 
There are two mainstreams in electronics research. Most studies on microelectronics focus on making 
device smaller. Integrating microelectronic devices on a limited area with higher spatial density allows 
an improved performance of electronic devices.1-3 For example, a single Apple iPhone 4, released in 
2010, performs equal processing power of the supercomputer, Cray-2, made by Cray Research in 1985. 
While, a goal of macroelectronics is making devices over larger area. Thin film electronic devices such 
as thin film transistors (TFTs), photodiodes (PDs), flat panel displays, and solar cells (SCs) are 
representatives of macroelectronic devices.4-5 





superior (opto)electronic properties. Most oxide semiconductors exhibit high transmittance as well as a 
wide range of electrical conductivity from insulating to metallic, which are preferable for thin-film 
transistors and transparent electrodes and buffer layers in optoelectronic devices.6-7 Sulfide 
semiconductors have superior charge carrier mobility with a narrower optical bandgap, which is suitable 
for light-harvesting devices or photodiode.8-9 
Keeping the goal of macroelectronics in mind, it is critical issue to prepare oxide and sulfide 
semiconductors-based thin film over larger area. Solution-processing is a promising technique to 
deposit large-area thin film on an arbitrary substrate.10-11 Briefly, solution-processing is a technique to 
make thin films on substrates from “solution”. Inkjet printer is one example of solution-processing; 
ink(solution) is propelled onto paper to express letters or images. Solution-processing techniques 
include inkjet printing,12 slot-die coating,13 blade coating,14 spray coating,15 spin-coating,16 and even 3d 
printing,17 which are suitable for large area processing. 
The simplest method to solution-process oxide or sulfide semiconductors on substrates is dissolving 
target materials in an appropriate solvent. However, oxide or sulfide semiconductors are soluble in 
extreme chemical environments such as highly acidic or basic solvent in most cases, by losing its 
original chemical structures.18-19 As a result, developing proper solution for the deposition of oxide and 
sulfide semiconductor thin film has been attractive research topic in the corresponding research field. 
Many attempts have been studied for the solution-processing of these semiconductors and the studies 
can be categorized into two; 1) preparing oxide or sulfide precursors and 2) synthesizing colloidal 
nanoparticles. Both methods have in common that they prepare materials that are soluble in a solvent. 
Main difference between two methods is that the former is synthesizing a precursor material for the 
target material and the latter is preparing a target oxide or sulfide semiconductor itself in nano-form.  
This thesis covers my studies on developing solution-processing technique for oxide and sulfide 
semiconductors using both approaches mentioned above and their application to thin film electronics. 
It begins with a chapter introducing device physics of thin film solar cells and transistors, that is not 
described in detail in each chapter, but needs for a deep understanding of the following studies.  
Following three chapters demonstrate solution-processing of metal oxides and sulfides via the newly 
developed molecular precursors, followed by their applications to thin film transistors and solar cells. 
Many studies have been suggested to prepare such oxide films via sol-gel technique using a variety of 
metal precursors such as metal nitrates, chlorides, or oxychlorides. However, intrinsic toxicity of the 
materials and complex preparation procedures are the major obstacles to adopt it to thin film deposition 
process in the electronics industry. Hence, my studies are focusing on reducing toxicity of the precursor 
solutions and optimizing processing condition for high-quality oxide and sulfide thin films.  
In Chapter 3, simple and universal synthetic approach, but less toxic preparation of metal oxide 
precursors is demonstrated. High-κ dielectrics such as HfO2, ZrO2, and Ta2O5 thin films are prepared 




Finally, the prepared films are applied to TFTs in order to implement low-power electronic devices.  
Chapter 4 and 5 is devoted to developing molecular precursors for metal sulfides and applying them 
to TFTs and thin film solar cells (TFSCs). Again, I focused on developing non-toxic and universal 
synthetic approach for molecular precursors of metal sulfides. By following nearly identical synthetic 
scheme, CdS, Cu2S, In2S3, and Ga2S3 thin films are prepared and characterized. Owing to superior 
electron mobility of CdS, high performance CdS thin film transistors are fabricated and characterized 
(Chapter 4). Furthermore, ternary and quaternary metal sulfide thin films are prepared and 
characterized in Chapter 5 via simple mixing of the precursor solutions of each sulfide. Decomposition 
process of thiolate precursors are investigated in detail. Then, thin film solar cells with broadband 
response from UV to near IR are successfully demonstrated by using solution-processed CuInS2 thin 
film which exhibits excellent and well-defined light absorption up to 860 nm.  
Chapter 6 deals with the application of metal oxide nanoparticles to alter localized surface plasmon 
resonance by Ag quantum dots (Ag QDs) embedded in the polymer solar cells (PSCs) to boost power 
conversion efficiency (PCE). ZnO and TiO2 nanoparticles dispersed in alcohol solvents are solution-
processed on Ag QDs coated ITO substrate in order to minimize unintended damages to Ag QDs during 
thin film deposition process. Optical properties of Ag QDs, which can be altered by surrounded media, 
are characterized through both experiments and numerical calculations. By using two metal oxides as 
efficient electron transport layer, PSCs with inverted structures are fabricated. Computer simulation on 
the device identifies the behavior of incident photons interacting with Ag QDs inside the devices.  
Finally, simple and efficient method to enhance colloidal stability of ZnO nanoparticles are 
demonstrated in Chapter 7. High surface to volume ratio of nanoparticles spontaneously induces 
interparticle attraction resulting in reduced surface energy. Unintended formation of nanoparticle 
aggregation leads to poor solubility of ZnO nanoparticles in both polar and nonpolar solvents. In order 
to form high quality ZnO thin film on soft matters like organic materials with least damages, it is critical 
to improve colloidal stability of ZnO nanoparticles in polar solvents. To do so, a coordination complex, 
Ti(acac) is introduced as efficient and universal stabilizer. Optical and structural differences of ZnO 
nanoparticles w/ and w/o the stabilizer are demonstrated. Significantly improved colloidal stability of 
the nanoparticles are proved using UV-vis absorption spectra and solar cell applications. 




CHAPTER 2.  Device Physics of Thin Film Transistors and Solar Cells 
This chapter provides theoretical background of device physics on which there is little discussion in 
each chapter. It covers from operating mechanism of thin film electronics (here, transistors and solar 
cells) and figures of merit of each thin film device to get a thorough understanding of device application. 
 
2.1 Working principle of thin film transistors 
Thin film transistor (TFT) is a switching component in electronic devices, which comprises 
sequential deposition of metal (source, drain, and gate), insulator (dielectric), and semiconductor 
(channel) thin films on an insulating substrate. There exist three contacts; source (grounded), drain, and 
gate in TFT. For n-type channel, electron flows from source to drain and the amount of electron flow is 
controlled by gate. The position of gate electrode can be the top or bottom of the device; the former is 
called top-gate TFT and the latter called bottom-gate TFT. Staggered and coplanar structure are possible 
according to the position of source and drain relative to gate. Semiconducting channel is positioned 
between gate and source/drain in staggered structure and positioned out of source (or drain) / dielectric 
/ gate stack in coplanar structure. Figure 2.1 exhibits four possible geometries of TFT. 
 
 





Based on the switching mechanism, there are two major operation modes; 1) enhancement and 2) 
depletion mode. Enhancement mode TFT allows current flow only when a certain amount of gate bias 
is applied to the device. Therefore, the device should exhibit no current when gate bias is 0 V. While, 
depletion mode TFT is turned on at zero gate bias. For n-type channel, applying negative gate bias 
induces charge carrier depletion in the channel, which leads to turn it off. Figure 2.2 describes schematic 
energy band diagram under n-type enhancement mode operation. 
 
 
Figure 2. 2. Schematic band diagram of n-type TFTs for operation in enhancement mode. 
 
From now on, it is assumed that all junctions in the device form Ohomic contact and no charge 
trapping occurs during the operation for simplicity. When gate bias (VG) > 0, band banding occurs at 
the semiconductor/dielectric interface. It leads to electrons accumulation at the interface due to fermi 
level close to conduction band (CB) of the semiconductor. Then charge carriers are ready to flow in the 
channel (left image in Figure 2.2). The flow of accumulated charge carriers (drain current, ID) is guided 
by drain voltage (VD) (right image in Figure 2.2).  
It is obvious that charge density along the channel is uniform at VD = 0 V. Applying VD alters charge 
density distribution across the channel. For a VD > 0 in n-type TFT, the induced charge density at a 
position x is: 
 
 𝑞ind(𝑥) = 𝑛(𝑥)𝑒𝑑 = 𝐶𝑜𝑥(𝑉G − 𝑉T − 𝑉(𝑥)) (2-1) 
 
where n is the electron concentration, e is the elemental charge, d is the channel thickness, Cox is 
capacitance density of dielectric, and V(x) is the effective voltage at x. Because our interest is mobile 
charges, fixed charges in the depletion region was neglected in the Eq. (2-1). When drain voltage is 
large enough (VD ≈ VG - VT, the saturation condition) for electron concentration to be 0 near drain (n(L) 




to the value at pinch-off. Carrier concentrations in the device under various bias conditions are shown 
in Figure 2.3.  
 
 
Figure 2. 3. Schematic illustration of carrier concentration along the channel. 
 
VT is the threshold voltage, which is the least amount of voltage to induce charge carriers in the 
channel. It is affected by the amount of deep level traps, nonideal metal-semiconductor junctions in the 
devices. The latter forces to use energy for band-bending from charge depletion to accumulation for 
enhancement mode operation. The case becomes opposite when the device works in depletion mode 





2.2 Figures of merit of thin film transistors 
TFT devices are commonly characterized in two types of current – voltage (I–V) characteristics; ID–
VD under constant VG, called output curve and ID–VG under constant VD, called transfer curve. Typical 
output and transfer curves of n-type TFT are shown in Figure 2.4.  
 
 
Figure 2. 4. I-V characteristics of n-type TFT. (a) ID–VD curve or output curve and (b) ID–VG or transfer curve. 
 
Output curve exhibits two distinct regions, where linear ID–VD response is shown in low VD and ID 
starts to be saturated after the channel is pinched off. Increasing VG accumulates more charges in the 
channel resulting in ID increase. Transfer curve includes important figures of merit for TFT such as VT, 
subthreshold swing (SS), ION/IOFF ratio, and carrier mobility (μ, or called field-effect mobility, differ 
from bulk mobility). SS (decades/mV in unit) represents how fast the device switches ON and OFF. 
ION/IOFF shows how much the difference between ON state current and OFF state current is. High 
ION/IOFF ratio is achieved in high-performance low-leakage device.  
These I–V relations can be derived quantitively by using Ohm’s law: 
 





where R is the resistance of the channel, σ is the conductivity, and L and W is the length and width of 
the channel, respectively. 
















where μ is the carrier mobility in the channel, not bulk mobility. The definition of the conductivity 
was used for the second equality. It is noteworthy that Eq. (2-3) is only valid when VD is constant along 
the channel, which is not the case here. When VD is applied across the channel, two position (x)-
dependent variables, n(x) and V(x) should be taken into account. At position x in the channel, we can 
generalize Eq. (2-3) as 
 
 𝐼D𝑑𝑥 = 𝑊(𝑛(𝑥)𝑒𝑑)𝜇𝑑𝑉(𝑥) = W𝐶𝑜𝑥(𝑉G − 𝑉T − 𝑉(𝑥))𝜇𝑑𝑉(𝑥) (2-4) 
 



















Eq. (2-5) is the key equation describing the relation between ID and VG & VD in TFT.  
The charge carrier mobility (cm2/V s) is the quantity that how fast charge carriers can move (cm/s) 
under an electric field (V/cm) along the channel. It can be calculated in both linear and saturation region. 
For the purpose of calculating the linear mobility, μlin, (where VG – VT ≫VD), it is convenient to define 






















As the transconductance and conductance are constant, voltage and current exhibit linear dependence 

















changed under the change of VG or VD. In practice, the conductance, rather than transconductance, is 
often used to calculate the linear mobility owing to well-defined linear region in output curve. 









μsat can be easily found by finding the slope of a tangent line in I1/2 vs. VG plot shown in Figure 2.4. 
x-intercept of the line corresponds to VT. The transconductance in the saturation region can be acquired 








𝐶𝑜𝑥𝜇𝑠𝑎𝑡(𝑉G − 𝑉T) (2-9) 
 
Now, we revisit subthreshold swing, SS. The value of SS can be easily obtained by finding how much 
voltage is required to increase ID by an order in the subthreshold region of the transfer curve. 
Subthreshold region is typically assigned to the region where the device is being operated below VT. 
Apparently, low SS is preferred for TFT proving its fast ON and OFF switching ability. High SS can 
be attributed to the presence of traps at the dielectric/semiconductor interface. The subthreshold swing 
is generally expressed as 
 






)  (2-10) 
 
where CD is the capacitance of the depletion layer. For ideal case, Cox → ∞, the minimum possible 





2.3 Working principle of thin film solar cells 
Solar cells are energy-harvesting devices that directly convert photons, which is mainly from sun, to 
electrons. When the device is exposed to solar irradiation (or other light sources), electrons in ground 
state are excited to higher energy states. The excited electrons supply potential difference (voltage) in a 
material and the phenomenon is called the photovoltaic effect. Subsequently, the device extracts 
electrons out of the device generating photocurrent. Because each thin film solar cell exhibits its own 
unique device operation, I am focusing on organic solar cell (OSC) that is one of the most promising 
thin film solar cells and most frequently used as device applications in the following chapters. 
Schematic device architectures of OSCs are shown in Figure 2.5. 
 
 
Figure 2. 5. Two possible devices structures of OSCs. The structure shown in the left of the figure is called 
conventional structure and the structure in the right is called inverted structure. It depends on the direction of the 
charge flow in the device. 
 
OSC operation can be summarized as 
 
1. Light absorption and exciton generation. 
2. Exciton diffusion 
3. Exciton dissociation and charge transfer 
4. carrier transport to the electrodes. 
5. Charge carrier (electron and hole) collection by the electrodes. 
 
OSC uses very thin active layer ~ 100 nm for light absorption. Although absorption coefficient of 
organic materials used in active layer exhibit > 105 cm-1,20 100 nm is not enough to fully absorb 
incident light especially in wavelengths near absorption onset. Intuitively, increasing the thickness 
can be an effective approach to enhance light absorption. But the limitation to the thickness exists in 
organic materials due to the low charge carrier lifetime that causes recombination of the carriers 




is confining high intensity electric field to the active layer. OSC utilizes incoming light and light 
coming back to the front by back reflective electrode. Because the device comprises a series of thin 
films, which have different refractive indices, n, electric fields are localized in each layer by 
constructive or destructive interference of two plane waves (transmitted and reflected light at each 
interface). Figure 2.6 represents localized electric field in the active layer with various wavelengths 
in the device.  
 
 
Figure 2. 6. Electric field distribution inside the device. (a) Schematic illustration of transmitted (blue arrows) 
and reflected waves (red arrows) at each interface and (b) real field distribution E(x) in the device. Blue, green, 
and red lines correspond to 400, 500, and 600 nm wavelengths, respectively. 
 
Electric field intensity in the active layer can be maximized by careful selection of buffer layers with 
the desired thickness. The intensity of wavy electric field starts to decrease in the active layer due to its 
high extinction coefficient, k. The information of spatial distribution of electric field intensity, |E(x)| can 
be used to calculate time averaged energy dissipation rate of the field, Qλ(x) at a wavelength, λ as a 








where c is the speed of light, ϵ0 is vacuum permittivity, and α is absorption coefficient. Absorption 











Dividing Eq. (2-11) by the energy, photoexcited electron generation rate at a wavelength as a function 







where h is Plank constant. Integrating Eq. (2-13) by x across the active layer give us the generation 
rate inside the active layer as a function of λ.  
Photoexcited electrons from the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO) are electrically bound by positively charged electron hole. As 
the bound electrons exhibit distinct behavior from conduction electrons or free electrons, the electron-
hole pair with lattice distortion is considered as a quasiparticle, called exciton. Its size is affected how 
strongly excitons are coupled with surrounding lattice distortion. The size of the exciton is defined to 
the exciton Bohr radius. 
Inorganic semiconductors generally exhibit high dielectric constants. In order words, the electric field 
can easily distort or polarize the lattice of the materials. Consequently, the screening of the electric field 
between electrons and holes results in photo-induced excitons exhibiting low exciton binding energy, 
on the order of 10 meV. The excitons are called Wannier-Mott excitons or Wannier excitons, in short. 
Unlike inorganic semiconductor, organic based semiconductors exhibit low dielectric constants. 
Because of weak screening of the electric field by organic materials, the excitons have high binding 
energy on the order of 1 eV. This type of the exciton is called Frenkel exciton. Figure 2.7 compares 







Figure 2. 7. Schematic pictures of Frenkel and Wannier excitons. 
 
As mentioned above, Frenkel exciton requires a few eV to dissociation strongly bound excitons. In 
organic solar cell, the energy is supplied by the HOMO and LUMO offset between electron donor and 
acceptor, which electron donor have orbitals at higher energy than acceptor for the spontaneous electron 
transfer from donor to acceptor. For polymer-fullerene based active layer, the required energy offset is 
known to be ~ 0.3 eV. Recently, a few papers have reported that the energy offset less than 0.3 eV or 
even no energy offset is required to accomplish efficient exciton dissociation in polymer-nonfullerene 
system.21-23 In traditional bilayer structure, where electron donor and acceptors are stacked in series, 
exciton diffusion to the electron donor/acceptor interfaces is required for exciton dissociation. However, 
the excitons are electrical neutral, which is not affected by internal electric field, and their diffusion 
length, L is limited to ~ 50 Å because of short lifetime of the excitons in organic materials. L can be 
obtained using the relation: 
 
 𝐿 = √𝐷𝜏 (2-13) 
 
where D is the exciton diffusivity and τ is exciton lifetime. Hence, exciton diffusion efficiency, μED 
is a limiting factor for photocurrent generation of OSCs. Bulk heterojunction is an excellent solution to 
solve this problem. The idea is that the bulk mixture of donor and acceptor have significantly enlarged 
interfacial area between two materials compared to bilayer structure. Ideal morphology of bulk 
heterojunction leads μED to be ~ 100%. The difference between bilayer structure and bulk heterojunction 






Figure 2. 8. Schematic illustration of (a) bilayer and (b) bulk heterojunction of the active layer. Cyan and yellow 
colors represent donors and acceptors, respectively. 
 
At short-circuit condition (V = 0), work function difference between two electrodes induces built-in 
field in the device and the field drives the flow of charge carrier to the desired electrode. Carrier 
transport in organic materials is described by quantum mechanical electron hopping. Because of the 
strong localization of the electrons in organic semiconductors, the electrons have to be hopped from 
one to the other to overcome the local potential. This process is quite inefficient compared to the case 
of inorganic materials and results in significantly low charge carrier mobility.  
Finally, the charge carriers are collected by the electrodes. The charge carriers escaped from the active 
layers are selectively transported to the electrode by buffer layers: hole and electron transport layer. 
Charge collection efficiency, μCC is determined by interfacial trap density at the buffer layer/electrode 
interface and the quality of junction. Large work function difference between two layers will form 







2.4 Figures of merit of thin film solar cells 
The vast amount of solar energy ~ 4×1020 J is poured on earth in every second and solar cell directly 
convert irradiated photons to electrons. When the sunlight passes through the atmosphere, a part of solar 
spectrum is absorbed by water vapor and ozone and even scattered by dusts and aerosols in air. The 
attenuated solar spectrum by the atmosphere is defined to airmass (AM). The airmass is numbered by 
considering the zenith angle of light incidence on the ground. e.g. light incident at 45° above the ground 
corresponds to 1.5, which is the value of sec45°. For universal characterization of the solar cells 
fabricated anywhere in the world, the standard airmass, AM1.5G, is widely applied to the solar simulator. 
Total power density of AM 1.5G solar spectrum is ~1000 W/m2. Left image of Figure 2.9 compares the 
irradiance of AM 1.5G with AM 0 corresponding to solar spectrum outside the earth atmosphere. Huge 
attenuation at ~750 nm in the AM 1.5G spectrum is due to O2 absorption and several holes after 900 
nm are mainly attributed to the absorption by H2O molecules. The photon flux density of AM 1.5G can 
be calculated by dividing solar irradiance by the photon energy at each wavelength. The photon flux 
density is shown in the right image of Figure 2.9. 
 
 
Figure 2. 9. Solar irradiance of AM1.5G and AM 1.0. Photon flux density of AM 1.5G and maximum photocurrent 
density of the device absorbing light up to corresponding wavelength are shown in the right of the figure. 
 
Optical bandgap, Eg of the active layer determines the absorption range of incident light to the solar 
cell. The longest wavelength the active layer can deal with can be calculated by using simple relation 







Then we can calculate the maximum photocurrent density of the ideal solar cell that absorbs all the 













where dϕ/dλ is the photon flux density. The calculated photocurrent density is shown as red curve in 
the right image of Figure 2.9.  
J–V characteristics of the solar cell can be expressed using the modified diode equation: 
 
 𝐽 = 𝐽𝑠 [exp (
𝑞(𝑉−𝐽𝑅𝑠𝐴)
𝑛𝑘𝑇
) − 1] +
𝑉−𝐽𝑅𝑠𝐴
𝑅𝑠ℎ𝐴
− 𝐽𝑝ℎ (2-16) 
 
where Js is the saturation current of the diode, n is the ideality factor, k is the Boltzmann constant, A 
is the device area, Rs is series resistance, and Rsh is shunt resistance. Its equivalent electric circuit is 
shown in Figure 2.10. Two resistors in the circuit causes parasitic loss during the operation of the device. 
 
 
Figure 2. 10. Equivalent circuit of a solar cell 
 
An ideal solar cell has n close to 1, 0 of Rs, and infinite Rsh. These conditions reduce Eq. (2-16) to be: 
 
 𝐽 = 𝐽𝑠 [exp (
𝑞𝑉
𝑘𝑇
) − 1] − 𝐽𝑝ℎ (2-17) 
 
which is a typical diode equation with an additional term, –Jph. Ideal Js exhibits exponential 
dependence on Eg: Js ~ exp(–Eg). Short-circuit current density, JSC (V = 0) is equal to Jph in the ideal 













Output power density of the device can be calculated by multiplying V to Eq. (2-17). 
 
 𝑃out = 𝐽𝑉 = 𝐽𝑠𝑉 [exp (
𝑞𝑉
𝑘𝑇
) − 1] − 𝐽𝑝ℎ𝑉 (2-19) 
 











𝑉 + 𝐽 = 0 (2-20) 
 
Substituting Eq. (2-17) for J of dJ/dV in Eq. (2-20) gives the current density at maximum power point 
(mpp), Jm: 
 
 𝐽𝑚 = −𝐽𝑠𝛽𝑉𝑚 exp (𝛽𝑉𝑚) (2-21) 
 
where β is kT/q. The voltage at mpp, Vm can be obtained by substituting Eq. (2-21) for J in Eq. (2-
17): 
 
−𝐽𝑆𝛽𝑉𝑚 exp(𝛽𝑉𝑚) = 𝐽𝑠 [exp (
𝑞𝑉𝑚
𝑘𝑇








] = 𝑉OC −
1
𝛽
ln(1 + 𝛽𝑉𝑚) (2-22) 
 














(-) sign of Pm from Jm was removed in Eq. (2-23) because the sign indicates the power is generated 
from the device. Positive sign of Pin in denominator means that the power is absorbed by the device. 
For the efficiency calculation, the sign of each power is physically meaningless. 






Figure 2. 11. J-V characteristics of solar cell under illumination. 
 
Here, a new figure of merit, fill factor, FF is introduced. FF is a geometrical parameter measuring 
the degree of areal occupation of blue square (Vm×Im) in green square (VOC×JSC). It cannot reach to 100% 
even in ideal solar cell because of the exponential dependence of J-V characteristics. PCE, then can be 













Eq. (2-24) addresses the consideration on theoretical maximum efficiency of solar cell. VOC decreases 
with smaller Eg because of increased Js, but JSC increases as we discussed in Figure 2.9 and Eq. (2-14, 
15). Because of this trade-off, it is reported that theoretical maximum efficiency of 30.6% can be 
achieved at 1.32 eV of Eg. The values can exhibit some discrepancy depending on the studies. The 
theoretical efficiency limit is called Schokley-Queisser limit. 
In nonideal solar cell, FF is hugely affected by two parasitic resistances, Rs and Rsh: 
 








Another useful figure of merit for solar cell characterization is quantum efficiency. The simplest 
quantum efficiency of solar cell is photon to electron conversion efficiency. It is called the external 
quantum efficiency (EQE) or incident photon to electron conversion efficiency (IPCE). An example of 






Figure 2. 12. An example of external quantum efficiency and integrated JSC of solar cell. 
 





∫ 𝐸𝑄𝐸(𝜆)𝐹(𝜆)𝑑𝜆 (2-26) 
 
where F(λ) is solar irradiance. As JSC measured in J-V characteristics is significantly altered by the 
small deviation of the distance between light source (solar simulator) and the device, EQE is useful to 
cross-check the measured JSC. It should be noticed, however, that the estimated JSC from EQE is only 
valid when the device exhibits linear dependence of JSC on light intensity.  
Internal quantum efficiency, IQE is the ratio of the number of absorbed photons by active layer to the 
number of incident photons. Because IQE excludes photons absorbed by the other layers in solar cell, 
it can be useful when you want to demonstrate the quality of the device; how efficiently photoexcited 
electrons are extracted out of the device. Despite its usefulness, however, the practical difficulty of 






CHAPTER 3.  Implementation of Low-Power Electronic Devices Using 
Solution-Processed Tantalum Pentoxide Dielectric 
The content of this chapter is published in Advanced Functional Materials 28, 1704215 (2018) 
 
3.1 Research background 
Over the past few decades, field effect transistors (FETs) have been utilized as an essential component 
in electronic devices due to their high input impedance, low power consumption, and the reduced 
complexity of fabrication compared to bipolar junction transistors.25 Although most FET research has 
focused on the transport layer to improve device performance and versatility,26-28 dielectric materials 
have also led to significantly improved performance. Among various dielectric materials, silicon nitride 
and silicon oxide layers have been widely adopted as insulating dielectric layers in FET devices 
fabricated on Si wafers owing to their superior electrical insulating properties and ease of growth on 
the wafer.29-30 However, in order to reach a desirable drain current in FETs using silicon oxide or nitride 
dielectrics, which have low dielectric constants (κ), high gate voltages (typically on the order of 40–
100 V in cases of the devices with the channel formed via solution‐processing) must be applied, 
resulting in significant power consumption.  
These high voltage requirements conflict with output data signals for standard digital display formats 
(such as digital visual interface (DVI) and high definition multimedia interface (HDMI)) as well as 
outputs for graphic‐processing units and most integrated circuits, which all generally produce output 
signals with voltages less than 5 V. Thus, in order for existing solution‐processed FET technologies to 
integrate with existing display drivers or other logic elements, a substantial signal amplification stage 
is necessary. Or, if such solution‐processed FETs are to operate independently, stable power supplies at 
potentials of ≈100 V are necessary. Although the low cost and flexibility of solution‐processed FETs 
makes them very attractive for application in low‐cost, disposable and hand‐held devices, their power 
supply requirements currently make them totally impractical for these purposes. 
One simple approach to reduce the gate voltage requirements is to make the dielectric layer thinner. 
Decreasing the dielectric thickness, however, causes serious problems as it may drastically increase 
charge carrier leakage into the transport layer via quantum tunneling effects31-32 and change the 
dielectric and electronic behavior of SiO2 layers as they become very thin.31-33 Consequently, the 
incorporation of high‐κ dielectrics is inevitable in order to achieve both high capacitance density and 




ZrO236-37 can be utilized as dielectric layers with high‐κ values in FETs. Tantalum, like it's neighboring 
elements Hf and Zr, forms oxides with high‐κ values38 and is used extensively in capacitor devices, 
however, has not been explored as extensively in FETs. Although conventional methods for metal 
oxides, such as metal organic chemical vapor deposition,39 atomic layer deposition,40 and sputtering,41 
guarantee high crystallinity and good electrical properties, they are cost‐ and time‐inefficient and may 
only be applied to limited‐area targets. Furthermore, high vacuums of less than 10−7 Torr or high 
temperatures over 500 °C are necessary to grow films with reasonable thickness via these techniques. 
Therefore, it is of great interest to develop efficient and low‐cost processing methods for high‐κ 
dielectric layers exhibiting comparable performance to conventional methods.  
One probable candidate for simple and low‐cost processing of the inorganic layer is solution‐
processing. The potential of solution‐processing in electronic devices has been vindicated via high 
efficiency solar cells42 and light emitting devices43 prepared by solution‐processing which show 
comparable performance with devices fabricated via conventional processes. Several research teams 
have reported solution‐processed high‐κ dielectric layers to replace conventional deposition 
processes.44-47 However, most approaches require complex synthetic schemes, the addition of a variety 
of extraneous chemicals,45 photocuring,44 high temperature annealing,47 and additional low‐κ layer 
deposition46to exhibit high performance electronic devices.  
Here, we demonstrate a simple and environmentally friendly processing strategy to fabricate 
amorphous Ta2O5 dielectric layers via solution‐processing followed by mild thermal annealing at 200 ℃. 
We also confirm that this synthetic scheme is applicable for HfO2 and ZrO2 dielectric layer formation 
as well. Without additional treatment, the prepared dielectric layers show κ values of 13.9, 22.4, and 
26.9 for HfO2, ZrO2, and Ta2O5, respectively. We investigated the versatility of the fabricated dielectric 
layers by applying them in FET devices using a variety of transport materials including inorganic CdS 
(n‐type), organic poly(3‐hexylthiophene) (P3HT; p‐type), and phenyl‐C61‐butyric acid methyl ester 
(PCBM; n‐type) channel FETs. Among four types of dielectric layers, including SiO2 as a reference 
dielectric, Ta2O5 based FETs showed the highest carrier mobility in all types of FETs. In particular, 
inorganic CdS channel FETs deposited on Ta2O5 dielectric films showed carrier mobilities of 2.97 cm2 
V−1 s−1, which is 83% higher than the mobility of the device fabricated on SiO2 gate dielectric (1.62 cm2 
V−1 s−1), as well as dramatically reduced threshold voltage (Vth) 1.00 V, which are promising results for 
low‐power electronic devices. (18.4 V of Vth in SiO2 based CdS FET.) To the best of our knowledge, 
this is the first demonstration of high mobility FETs using a low‐temperature, solution‐processed Ta2O5 





3.2 Experimental details 
Preparation of Precursor Solution and Film Formation 
Hafnium (IV) isopropoxide isopropanol adduct or zirconium (IV) isopropoxide isopropanol complex 
or tantalum (V) ethoxide were dissolved in 2‐methoxyethanol to make HfO2, ZrO2, Ta2O5 precursor 
solutions, respectively. Concentrations were varied from 50 to 200 mg mL−1 to achieve the desired 
thickness of the dielectric film. The solutions were placed on a hot plate at 80 °C for 30 min. Zirconium 
isopropoxide solutions with concentrations greater than 100 mg mL−1 were saturated in 2‐
methoxyethanol and some undissolved powders settled to the bottom. Prior to film coating, the solutions 
were filtered through 0.2 µm PTFE syringe filters into precleaned glass vials. 40 µL of the precursor 
solutions were dispensed onto spinning substrates at 3000 rpm. These processes were performed in an 
N2 environment. Finally, the samples were carried out of the N2 glovebox and annealed at 200 °C in 
ambient air.  
 
Fabrication of Capacitors 
Prepatterned ITO coated glass substrates were sequentially cleaned in an ultrasonicator using 
detergent, deionized water, acetone, and isopropyl alcohol. The substrates were dried in a vacuum oven 
at 100 °C overnight. Cleaned ITO substrates were further cleaned by UV‐ozone treatment to remove 
carbon residue and reduce the hydrophobicity of the substrates. Dielectric thin films were coated using 
the method described above. This process was repeated until the desired film thickness was achieved 
(3–4 times). The last annealing step was carried out for 1 h for the complete removal of organic residues. 
  
Fabrication of FETs 
The device configuration of FETs was BG‐TC structure using heavily doped Si substrates as gate and 
Ag (top electrodes) as drain and source contacts. The substrates of Si and Si/SiO2 (200 nm, thermally 
grown) were sequentially cleaned in an ultrasonicator using acetone and isopropyl alcohol, then dried 
in an oven at 100 °C overnight. High‐κ dielectrics layers (HfO2, ZrO2, and Ta2O5) were coated in the 
same manner as the capacitors. The CdS layer used in this work was formed by the following procedures; 
cadmium tert‐nonanethiolate (CdTNT) which was synthesized from cadmium acetate and tert‐
nonanethiol,28 was dissolved in chloroform (CF) with concentration of 7 mg mL−1 in an N2 filled 
glovebox. After fully dissolved, the solution was filtered through a 0.45 µm PTFE syringe filter into a 
precleaned vial. The solution was spin‐coated on each substrate, then the substrates were annealed at 
300 ℃ for 30 min. P3HT was dissolved in chlorobenzene with a concentration of 8 mg mL−1 and PCBM 
was dissolved in CF with concentration of 12 mg mL−1. Then the solutions were spin‐coated on each 
substrate. After coating the transport layers, the substrates were brought into a high vacuum chamber 




Channel lengths and widths were 50 and 3950 µm, respectively. Electrical characterization was 
performed using a Keithley semiconductor parametric analyzer (Keithley 4200‐SCS). All measurement 
procedures were carried out in the N2 filled glovebox.  
Material Characterization: AFM height and phase images were obtained using a Veeco Multimode 
AFM microscope in a tapping mode. XRD patterns were collected using high power XRD instrument 
a D/MAX2500V/PC (40 kV, 100 mA, Cu anode) with a graphite monochromator and a scintillation 
counter. The instrument was operated from 20° to 80° with a step size of 0.02° (2θ). XPS measurements 
were conducted using a ESCALAB 250XI from Thermo Fisher Scientific. Al Ka was used as X‐ray 
source with 900 µm spot size and all spectra were averaged over 5 scans. Scanned regions for each 
element were chosen from the instrument's database. UV–vis spectrometry was performed using a 
Varian Carry 5000 spectrophotometer in the range 180–600 nm with 1 nm resolution. To prevent 
parasitic absorption of UV light by glass, quartz substrates were used for UV–vis absorption 
measurements. HREELS was conducted using a JEM‐2100F instrument. Direct bandgaps were deduced 
by fitting the data with the equation y = A + B * (E – Eg)1/2. Except for UV–vis absorption measurements, 
all of the characterizations were performed using samples with same structure used in the FET and 






3.3 Results and discussion 




Figure 3. 1. Schematic diagrams for the preparation of precursor and the dielectric layer formation. 
 
Precursor solutions of the dielectrics were prepared dissolving metal alkoxides in 2‐methoxyethanol. 
The solutions were heated to 80 °C for 30 min to accelerate ligand exchange from isopropoxide (denoted 
by OiPr in Figure 3.1) in the case of Hf and Zr or ethoxide (denoted by OEt) in the case of Ta to 2‐
methoxyethoxide. This exchange step is critical, as the metal isopropoxide and ethoxide salts lead to 
rough films with poor optical and electrical qualities. After heating in 2‐methoxyethanol, the solutions 
were spin‐coated on top of precleaned substrates under an inert atmosphere. The films were then 
annealed in ambient air. The exposure of the samples to moisture in air hydrolyses the metal alkoxide 
ligand bonds into metal hydroxides and generates alcohols (2‐methoxyethanol) as byproducts.48 
Thermal annealing was necessary for residual solvent evaporation, complete decomposition, and 
densification of the films. The spincoating and annealing processes were repeated until the desired 




amorphous metal oxide dielectric layers for all three metals, which will be shown later. 
UV–vis absorption spectra of HfO2, ZrO2, and Ta2O5 are shown in Figure 3.2. To identify the nature 
of optical transition for the processed dielectrics, figures were plotted as Tauc plot of (αhν)2 versus hν 
and (αhν)1/2 versus hν to model direct and indirect electronic transitions, respectively, while plots of α 




Figure 3. 2. Tauc plots for high-κ dielectrics showing a) direct transition, and b) indirect transitions. 
 
Optical bandgaps of the dielectrics were analyzed via both direct and indirect transitions by finding 
the x‐intercepts of extrapolated tangent lines in their Tauc plots. In Figure 3.2a, Ta2O5 shows the 
narrowest direct bandgap among the dielectrics of 4.67 eV, but was wide enough to act as an electrical 
insulator. ZrO2 exhibited a direct bandgap of 5.48 eV, which is 0.8 eV wider than the bandgap of Ta2O5. 
We were unable to precisely determine the direct bandgap for HfO2 as its absorption onset occurred 
near 180 nm, which is near the detection limit for typical UV–vis spectrometers. Yet, it is apparent that 
HfO2 possesses the widest bandgap among three dielectrics. Figure 3.2b shows the indirect transitions 
of the three dielectrics. In common with the direct transition, the widest bandgap was observed for HfO2 





In order to reduce the uncertainty of the electronic transitions of HfO2 estimated from UV–vis 
spectrometry, high resolution electron energy loss spectroscopy (HREELS) measurements were carried 
out. From the data shown in Figure 3.3, we confirm that HfO2 exhibits a direct electronic transition 




Figure 3. 3. HREELS spectrum of an HfO2 dielectric layer. Inset: curve fitted using the relation A+B(E-Eg)1/2 for 
direct electronic transitions. A = 6080.5, B = 1902.8, and Eg = 5.89. 
 
Surface morphology and roughness of the high‐κ dielectrics were investigated by atomic force 
microscopy (AFM) as shown in Figure 3.4. All the three dielectrics have smooth surface morphology 
and extremely low root‐mean‐square roughness of 0.15, 0.18, and 0.18 nm for HfO2, ZrO2, and Ta2O5, 
respectively. These smooth surface morphologies facilitate efficient charge transport under FET 









The oxidation states of the metal cations in the dielectric layers were investigated via X‐ray 
photoelectron spectra (XPS, see Figure 3.5). In Figure 3.5a, the peaks at 16.8 and 18.4 eV of the HfO2 
films correspond to Hf 4f7/2 and Hf 4f5/2 transitions. Figure 3.5d exhibits two peaks at 182 and 184.4 
eV, corresponding to Zr 3d5/2 and Zr 3d3/2 electrons. Similarly, sharp spin‐orbit doublet peaks for Ta 
element observed at 26.7 and 28.7 eV correspond to Ta 4f7/2 and Ta 4f5/2, respectively, in Figure 3.5g 
(Supporting Information). These results are consistent with a +4 oxidation state for Hf,49-50 + 4 for Zr,51-
52 and +5 for Ta.53 An O1s peak around 530 eV and distinct shoulder around 531 eV corresponding to 
surface hydroxyl groups were observed for HfO2 and ZrO2 dielectrics (see, Figures 3.5b,e), but the 
shoulder was not observed in the spectrum for Ta2O5 (Figure 3.5h). These results confirm the chemical 
compositions of the dielectric layers to be HfO2, ZrO2, and Ta2O5. In addition to identifying the bonding 
states of different elements, XPS can be used to estimate the relative composition of materials. 
Specifically, the ratio of metal to oxygen was measured to be 1:2.57 for HfO2, 1:2.15 for ZrO2, and 
2:5.59 for Ta2O5, respectively. Negligible residual carbon peaks were observed in all samples even after 
averaging 5 scans to reduce signal to noise ratio (Figure 3.5c,f,i), indicating that the organic solvents 









Further investigation of the dielectric layers via X‐ray diffraction (XRD) (Figure 3.6) reveals their 
crystal structures to be amorphous in nature. No distinct, sharp peaks were observed for any of the three 
dielectric films and all three films exhibited a broad, amorphous fingerprint in the range of 2θ – 20 to 
40° in all the XRD spectra collected for the dielectrics. 
 
 






In order to characterize electrical properties of the three dielectrics, planar capacitors were fabricated 
by sandwiching the dielectric films between indium tin oxide (ITO) and Ag electrodes. Measured 




Figure 3. 7. a) Current density vs. voltage and b) capacitance density vs. frequency of the device with high‐κ 
dielectrics annealed at 200 °C. In (a), filled symbol represents the forward scan from −3 to 3 V and empty symbol 
represents the reverse scan from 3 to −3 V. 
 
Thicknesses of the dielectric layers were carefully optimized to get uniform and thick layers by 
controlling the concentration of the precursor solution, spin‐rate, and the number of coats. Measured 
current densities for all dielectrics were ≈10−7 A cm−2 for applied biases from −3 to 3 V. Notably, HfO2 
and ZrO2 capacitors showed one order lower current density than Ta2O5 devices. Asymmetric J–V 
hysteresis was observed for all the capacitors, which may be attributed to charge carrier trapping at the 
metal/dielectric interface or polarization of the amorphous dielectrics during the charging and 
discharging process and is commonly observed in high‐κ dielectric materials. Capacitance densities 
were measured to be 119.09, 117.88, 119.39 nF cm−2 at 10 kHz for HfO2, ZrO2, Ta2O5 dielectrics, 
respectively, as shown in Figure 3.7b. These similar capacitance densities allow all three materials to 
facilitate channel control via modulated gate bias in FET devices with a similar operating range, as will 
be shown later. Breakdown voltages were measured by applying external bias until the dielectrics lost 
their insulating properties and exhibited significant current leaking. Each dielectric, prepared using 
conditions optimized for FET devices, started to break down at 8.82 ± 2.28, 4.92 ± 0.41, and 8.57 ± 
1.89 V for HfO2, ZrO2, and Ta2O5, respectively. It should be noted that the breakdown voltage is not a 
figure of merit which is independent on the thickness of the layer.54 Nonetheless, the dielectric films 
were all of comparable thickness to standard SiO2 dielectrics used in FET devices (on the order of ≈100–
200 nm) and were stable throughout the operating voltage range of ±3 V. 
Film thickness information for each dielectric layer was measured via cross‐sectional scanning 




168.5, and 199.3 nm, respectively, with corresponding dielectric constants of 13.9, 22.4, and 26.9 for 
HfO2, ZrO2, and Ta2O5, respectively. Interestingly, the dielectric constants of ZrO2 and Ta2O5 are 
comparable with values measured from their crystalline counterparts.55-56  
 
 
Figure 3. 8. SEM images of high-κ dielectrics prepared under optimized conditions. (Left: HfO2, Middle: ZrO2, 
Right: Ta2O5). 
 
To evaluate the performance of the dielectric films in low operating voltage FETs, we fabricated FETs 
with a bottom‐gate top‐contact (BG‐TC) structure, using solution‐processed CdS films as n‐type 
transport layers which have previously been reported to have good electron transport properties in 
FETs.28 Since SiO2 has low dielectric constant of 3.9, high operating voltages of at least over 40 V are 
needed to switch on FETs, which is not suitable for low‐power electronic devices. Our solution‐
processed high‐κ dielectrics, however, were successful in producing FET devices with an effective 
operating range of ±3 V for gate and drain biases; more than an order of magnitude lower than the SiO2 
reference dielectric. Furthermore, to the best of our knowledge, this is the first report to demonstrate 
high‐performance FETs using a solution‐based Ta2O5 dielectric layer. 
Transfer and output characteristics of CdS FETs with high‐κ dielectrics and SiO2 are shown in Figure 
3.9 and detailed charge transport parameters are described in Table 3.1. In order to focus on the effect 
of dielectric materials on the transistor characteristics, no special processing procedures (such as 
exposure to air, multiple annealing steps, etc.) were used and the mobilities were consistent other 







Figure 3. 9. Electrical characteristics of CdS FETs with high‐κ dielectrics and SiO2 dielectric as a reference device. 
a) Transfer curves for CdS FETs with different dielectrics. Gate voltage was swept from −1 to 3 V for high‐κ 


















HfO2 1.02 (0.63 ± 0.21) 1.09 (0.78 ± 0.32) 1.17 (1.01 ± 0.13) 
ZrO2 0.38 (0.22 ± 0.09) 0.75 (0.50 ± 0.28) 1.03 (0.98 ± 0.04) 
Ta2O5 2.97 (2.13 ± 0.76) 4.65 (2.53 ± 2.02) 1.00 (0.98 ± 0.02) 
SiO2 1.62 (1.18 ± 0.44) 272 (243 ± 293) 18.4 (15.2 ± 3.2) 
Transport layer Dielectric 
μa) 







HfO2 1.48 (0.79 ± 0.56) 0.53 (0.31 ± 0.23) -0.89 (-0.43 ± 0.46) 
ZrO2 1.92 (1.82 ± 0.34) 2.59 (1.67 ± 0.92) -0.98 (-0.93 ± 0.06) 
Ta2O5 2.05 (1.92 ± 0.12) 3.23 (4.54 ± 0.13) 0.07 (-0.02 ± 0.09) 
SiO2 1.27 (1.11 ± 0.13) 31.7 (34.1 ± 2.38) -11.6 (-13.7 ± 2.1) 
PCBM 
(n-type) 
HfO2 1.09 (0.99 ± 0.09) 0.62 (0.46 ± 0.15) 0.99 (0.98 ± 0.07) 
ZrO2 2.36 (2.16 ± 0.47) 1.34 (1.40 ± 0.63) 1.29 (1.34 ± 0.17) 
Ta2O5 8.69 (6.85 ± 1.86) 1.28 (1.56 ± 0.84) 1.34 (1.39 ± 0.04) 
SiO2 4.89 (3.15 ± 0.98) 8.34 (8.25 ± 0.09) 10.6 (14.8 ± 4.15) 





In the case of SiO2 as a reference device, the electron mobility (µe) was calculated to be 1.62 cm2 V−1 
s−1 at 40 V drain–source voltage (VDS). For the high‐κ dielectrics, µe was calculated to be 1.02, 0.38, and 
2.97 cm2 V−1 s−1 for HfO2, ZrO2, and Ta2O5 at 3 V of VDS, respectively. All the high‐κ dielectrics showed 
comparable electron mobility to SiO2, and especially Ta2O5 showed the best FET transfer properties 
among the dielectrics (83% improvement in the mobility). The measured mobilities and currents 
through a transport material in FET devices are strongly affected by the properties of the gate 
dielectric63-64 and the increased mobility measured on the Ta2O5 dielectric suggests that the Ta2O5/CdS 
interface may be more homogenous or possess fewer electron traps than the other dielectrics. Off‐
current (Ioff) values of high‐κ dielectric based FETs were measured as 9.62, 5.50, and 11.8 nA for HfO2, 
ZrO2, and Ta2O5, respectively. These low Ioff values correlated with the leakage currents observed in the 
capacitors as discussed previously in Figure 3.7a. Threshold voltage (Vth) is an important metric 
associated with low operating voltages and quantifies the advantages of using high‐κ dielectrics. 
Compared to 18.4 V of Vth in SiO2, the threshold voltages were observed to be more than an order of 
magnitude lower at 1.17, 1.03, and 1.00 V for HfO2, ZrO2, and Ta2O5, respectively.  
In order to prepare compact and dense dielectric layers and investigate the effect of film thickness on 
device characteristics, we varied the number of coats, the concentrations of precursor solutions from 
150 to 95 mg mL−1 and annealing temperature from 200 to 300 °C. Using less than three coats led to a 
high rate of device failure, while more than 3 coats led to generally decreased source–drain current and 
increased threshold voltage. Thinner dielectric films could be prepared by reducing the solution 
concentration. As shown in Figure 3.10, the performance of devices using 3 coats of solutions at 95 mg 
mL−1 concentration was degraded, with higher Ioff and lower Ion/Ioff, compared to optimized devices 
(Figure 3.9a). This result can be attributed to current leakage through the thinner dielectric leading to 
increased Ioff.  
 
 
Figure 3. 10. Transfer curves for CdS FETs fabricated by following experimental conditions; 95 mg/ml of 





The hysteresis of CdS transistors is shown in Figure 3.11. Devices using HfO2 and ZrO2 dielectrics 
showed negligible hysteresis, while devices with Ta2O5 dielectrics showed very low hysteresis with less 




Figure 3. 11. Hysteresis behavior of (a) transfer and (b-d) output curves for CdS FETs. 
 
To investigate applicability of the dielectric films in p‐channel operation as well as with organic 
materials, we prepared organic FETs (OFETs) using the high‐κ dielectrics. We used P3HT as a p‐type 
channel material and PCBM as a n‐type channel material; these transport materials are well studied and 
generally representative of organic semiconductors.65 Again, in order to focus on the influence of 
dielectrics on FET characteristics, unadulterated P3HT and PCBM films were used without any special 
processing procedures to enhance their performance, leading to mobilities consistent with previous 
reports for these transport materials.27, 66 Transfer characteristics and detailed charge transport properties 
for P3HT and PCBM FETs are shown in Figure 3.12 and Table 3.1, respectively, and output 
characteristics are presented in Figure 3.13. In the case of P3HT FETs, the hole mobility (µh) through 
the channel was calculated to be 1.48 × 10−3, 1.92 × 10−3, and 2.05 × 10−3 cm2 V−1 s−1 for HfO2, ZrO2, 
and Ta2O5 dielectrics, respectively, at a VDS bias of −3 V. For PCBM FETs, µe through the channel was 




respectively, at a VDS bias of 3 V. Like previous CdS FET results, all the high‐κ dielectrics shows 
comparable charge transport ability to SiO2 (µh = 1.27 × 10−3 and µe = 4.89 × 10−3 cm2 V−1 s−1 for P3HT 
and PCBM FETs, respectively). Ta2O5 especially leads to more efficient hole (61% higher) and electron 
(78% higher) transport through the channel compared to HfO2, ZrO2, and SiO2 dielectrics in both p‐ or 
n‐type OFETs. Threshold voltages were also dramatically reduced to near 1 V in all of the OFET devices 




Figure 3. 12. Electrical characteristics of OFETs with high‐κ dielectrics and SiO2 dielectric as a reference device. 
a) Transfer curves for P3HT FETs with different dielectrics. b) Transfer curves for PCBM FETs with different 
dielectrics. Gate voltage was swept from −1 to 3 V for high‐κ dielectrics and −20 to 60 V for SiO2. 
 
 
Figure 3. 13. Output characteristics of OFETs using HfO2 (a, e), ZrO2 (b, f) and Ta2O5 (c, g) high-κ dielectrics 
compared to devices using a SiO2 dielectric (d, h) as a reference. (a-d) P3HT devices. (e-h) PCBM devices. 
 
Gate leakage currents for CdS devices with three dielectrics are shown in Figure 3.14. The measured 
Ioff trends for all the FETs followed the leakage current results observed in both the capacitor devices 




FET measurements compared to those measured in capacitor devices. During CdS FET fabrication, a 
CdS layer was formed on the dielectric layers involving a 300 °C annealing step; the increased leakage 
current in CdS FETs with HfO2 dielectrics might be due to instability of the HfO2 layer at 300 °C when 




Figure 3. 14. Gate leakage current of CdS FETs using HfO2, ZrO2, and Ta2O5 high-κ dielectrics. 
 
We measured transient drain current under constant drain and gate potential in CdS FETs using three 
different dielectrics (Figure 3.15). We observed that the measured drain currents decreased over time 
before saturating at a constant value after about 30 min. We attribute the decreases in current in the first 
5 min to the filling of shallow electron traps at the interface between transport and dielectric layers.67  
 
 





Because the same transport material was used (CdS) in all the devices, the trap density is solely 
dependent on the dielectric layer. Ta2O5 exhibited the lowest current decay and we infer that it possessed 
the lowest density of traps among the three dielectrics. From the measured transfer and output curves 
shown in Figures 3.12 and 3.13, the Ta2O5 dielectrics led to superior performance in electron transport 
among three dielectrics, although all of dielectric showed comparable performance in hole transport. 
We attribute this to low electron trap density of Ta2O5 dielectric compared to other dielectrics, and 
similar hole trap density for all three dielectric types. In summary, all of these results suggest that the 
three high‐κ dielectrics functioned well as both p‐ and n‐type FETs under low bias conditions, with 






In conclusion, we have developed a universal, facile, and innocuous solution‐processing method for 
depositing high‐κ Ta2O5 dielectric films for application in a wide variety of FET devices. We also 
confirmed that this processing scheme is applicable to HfO2 and ZrO2 high‐κ dielectrics as well, and 
confirmed that Ta2O5 dielectrics consistently yielded the highest performance compared to the other 
metal oxides. All the high‐κ dielectric layers were simply prepared by spin coating solutions of metal 
alkoxide precursors in 2‐methoxyethanol, followed by mild thermal annealing at 200 °C. The prepared 
dielectric layers showed κ values of 13.9, 22.4, and 26.9 for HfO2, ZrO2, and Ta2O5, respectively. In 
addition, after processing optimization, low leakage current densities around 10−7 A cm−2 were observed 
in planar capacitors within a bias range of ±3 V. All three high‐κ dielectrics including HfO2, ZrO2, and 
Ta2O5, were successfully applied in low operating voltage inorganic (n‐type) and organic (p‐ and n‐type) 
FETs. All of the high‐κ dielectrics showed comparable charge carrier mobilities to SiO2 at a dramatically 
reduced operating range of ±3 V gate bias. In particular, Ta2O5 based FETs consistently showed the 
highest mobility among the four types of dielectric layers. In inorganic CdS FETs with Ta2O5 gate 
dielectric, the electron mobility was measured to be 2.97 cm2 V−1 s−1, which is 83% higher value 
compare to SiO2 based FET (1.62 cm2 V−1 s−1). To the best of our knowledge, this is the first 
demonstration of FET applications utilizing solution‐processed Ta2O5 as gate dielectrics with 
outstanding device performance. This work introduces a simple and nontoxic fabrication strategy for 
preparing Ta2O5 dielectric films and demonstrates their potential for use in a wide variety of low 





CHAPTER 4.  Solution-Processed CdS Transistors with High Electron 
Mobility 
The content of this chapter is published in RSC Advances 4, 3153 (2014) 
 
4.1 Research background 
The rapid development and large demand for consumer electronics ranging from flat-panel 
televisions to mobile devices has spurred a great interest in routes to achieve high-performance field 
effect transistors (FETs) using low-cost materials, flexible substrates and novel processing techniques. 
In this regard, routes to fabricate FETs via solution processing techniques have attracted a great deal of 
academic and commercial interest, as solution-processed devices are amenable to mass-production 
techniques such as ink-jet printing and roll-to-roll processing; strategies have been developed to process 
both inorganic68 and organic semiconductor materials in these ways.12, 69 Solution-processed organic 
FETs have developed rapidly and show good performance, however, mobilities of conjugated organic 
materials still lag behind inorganic materials. Graphene based devices70 as well as solution-processed 
inorganic nanoparticles (NPs)71-72 and nanosheets73 have emerged as routes to easily prepare FETs under 
mild temperatures and pressures, with excellent results, demonstrating that the investigation of novel 
processing procedures for FETs can be fruitful.  
Cadmium sulfide (CdS) shows great potential as a versatile semiconductor that can be deposited in a 
number of ways. FETs have been prepared from CdS by thermal evaporation, yielding charge carrier 
mobilities (μ) of ∼50 cm2 V-1 s-1,74 using chemical bath deposition to yield μ in the range of 0.1 to 9 
cm2 V-1 s-1,57-62 and up to 350 cm2 V-1 s-1 by chemical vapor deposition,75 however, these methods are 
expensive and/or laborious compared to methods such as spin-coating, doctor blading, screen printing 
or ink-jet printing. Encouraging results have been obtained via the processing of CdS FETs from CdS 
or CdS/CdSe core–shell NP solutions, yielding μ of up to 30 cm2 V-1 s-1.59, 76-77 However, the operation 
of FETs does not rely on quantum confinement within nanostructures and carrier transport between NPs 
may be limited by tunneling barriers between individual NPs,78 thus, it is of interest to explore routes 
to obtain bulk CdS via solution processing routes. 
The deposition of bulk chalcogenide films directly from solution (i.e. spin-coating or doctor blading) 
is not well known due to the insolubility of chalcogenide semiconductors. Some chalcogenides may be 
processed using hydrazine, which has remarkable solvating effects on many chalcogenides, however, 




chalcogenides. Additionally, films processed with hydrazine must be annealed at 400 ℃ in order to 
ensure conversion of the solvated material to the pure chalcogenide, in order to obtain the best 
semiconducting properties.79 In one report, CdS FETs were prepared by the thermal decomposition of 
a molecular precursor, yielding bulk CdS with a μ of up to 48 cm2 V-1 s-1,80 substantiating this route as 
an effective way to obtain semiconducting CdS films. 
Here, we report the preparation of high-mobility CdS films suitable for use in FETs via spin-coating 
and thermal annealing of cadmium thiolates. Cadmium thiolates have previously been employed as 
routes to obtaining CdS via photodecomposition or thermal decomposition, yielding suspensions or 
composites of NPs or nanostructures in various media.81-85 In one case, solar cells were prepared via the 
thermal decomposition of a Cd thiolate/conjugated polymer mixture, however, little photocurrent 
generation was observed and current voltage characteristics of the devices were not reported.86 The 
preparation of FET devices via the thermal decomposition of solution processed cadmium thiolates 
currently remains unexplored. This approach shows particular promise in the realm of organic–
inorganic hybrid devices, as the inorganic film may be deposited using techniques compatible with 






4.2 Experimental details 
CdTNT Synthesis 
Cadmium oxide (Aldrich, 99.99%, 115 mg), tert-nonyl mercaptan, (Aldrich, >97%, 400 μL) and 10 
mL of chloroform are placed in a tightly-capped 20 mL vial and magnetically stirred at 50 ℃ until the 
brown CdO has dissolved and a viscous, translucent solution is obtained (this typically takes 3-8 weeks). 
The solution is diluted to 20 mL with additional chloroform, passed through a 0.45 μm PTFE syringe 
filter and precipitated directly into 200 mL of well-stirred ethanol. The supernatant liquid is decanted 
and the solid is rinsed with additional ethanol, then dried under a stream of argon. The material is 
sensitive to UV light. 
 
CdTDT Synthesis 
The same procedure employed for CdTNT is used to prepare CdTDT, with the exception that 100 mg 
of cadmium oxide are used, and tert-dodecyl mercaptan, (Aldrich, >98.5%, 400 μL) is used instead of 
tert-nonyl mercaptan. 
 
CdTNT Synthesis (II) 
Cadmium acetate (Aldrich, 99.995%, 200 mg), tert-nonyl mercaptan, (Aldrich, >97%, 1 mL) and 10 
mL of chloroform are placed in a tightly-capped 20 mL vial and magnetically stirred at 50 ℃ overnight 
yielding a transparent solution. The solution is diluted to 20 mL with additional chloroform, passed 
through a 0.45 μm PTFE syringe filter and precipitated directly into 200 mL of well-stirred ethanol. The 
supernatant liquid is decanted and the solid is rinsed with additional ethanol (50 mL), then immersed in 
a 2% solution of tert-nonyl mercaptan in ethanol for 1 hour. Again, the supernatant liquid is decanted 
and the solid is rinsed with additional ethanol (3 x 50 mL) then dried under a stream of argon. 
 
Materials characterization 
 XPS and UPS spectra were collected for CdS films on substrates consisting of silicon with a 40 nm 
layer of thermally evaporated Au. A UV-vis absorption spectrum was collected from a CdS film 
prepared by spincoating a CdTNT film on a glass substrate and annealing at 300 ℃ for 30 min in a 
nitrogen atmosphere. X-ray diffraction was performed on CdS films prepared from thiolates in order to 
characterize their crystal structure. Single layers did not yield a strong enough signal to identify. Thus, 
8 layers were prepared on a silicon substrate using CdTNT precursor. 
 
FET Fabrication and Characterization. 
Silicon substrates with a 200 nm oxide layer (Silicon Prime Wafer) were cleaned by scrubbing in a 




sonicating in isopropanol (10 min), then blown dry with compressed nitrogen. The substrates were kept 
in a closed petri dish in an oven at 100 ℃ until used. CdTNT or CdTDT were dissolved in chloroform 
in a nitrogen filled glovebox at concentrations of 8 mg/mL or 15 mg/mL, respectively. The solutions 
were passed through a 0.45 μm PTFE syringe filter (with some difficulty) and kept in pre-cleaned vials. 
The solutions were spin-coated by rapidly dispensing 40 μL at a time (using a micropipette) onto pre-
cleaned Si/SiO2 substrates which were already spinning at 1500 rpm. The viscous nature of the solution 
and low boiling point of chloroform require that the solution be dispensed quickly, before the material 
on tip of the pipette becomes gelatinous, which tends to result in blemishes in the spincoated film. The 
films were then annealed on a hotplate under a nitrogen atmosphere at 300 ℃ for 30 min. A digital 
image of CdS films prepared on glass substrates is included as a reference showing good quality CdS 
films free of visible blemishes. If two or more layers were deposited, the first layer(s) were annealed at 
300 ℃ for 5 min, while the final layer was annealed at 300 ℃ for 30 min. Source and drain contacts 
were deposited by thermally evaporating Ag slugs (Alfa Aesar, 99.99%) at a pressure of ~ 10-6 Torr 
through shadow masks to yield devices having a channel length of 50 μm and a length to width ratio of 
48. Devices were tested using a probe station equipped with a Keithley 4200 semiconductor 
characterization system under a nitrogen atmosphere. 
 
Solar Cell Fabrication and Characterization 
Solar cells were prepared beginning with indium tin oxide (ITO) substrates which were cleaned by 
scrubbing in a detergent solution, followed by sonication in in a detergent solution (10 minutes), 
dionized water (10 minutes, twice) and isopropanol (10 minutes). A zinc oxide layer was deposited on 
top of the ITO substrate in an adaptation of a previously described procedure by spincoating (at 3000 
rpm) and annealing (at 110 ℃) a filtered precusur solution consisting of 300 μL of diethyl zinc solution 
(5 wt% in toluene) and 600 μL of anhydrous tetrahydrofuran. CdS layers were prepared as described 
above, using CdTNT and a single annealing step at 300 ℃ for 1 minute. PTB7 layers were deposited 
by spincoating a 10 mg/mL solution in chlorobenzene at 1200 rpm. Devices were completed by 
thermally evaporating MoO3/Au electrodes (5 nm / 80 nm) under a vacuum of 10-6 Torr through a 
shadow mask yielding devices with an active area of 13 mm2. Current density – voltage characteristics 
were characterized under simulated AM 1.5G solar radiation using a Xenon arc lamp equipped with a 
KG5 optical filter and calibrated at 100 mW/cm2 intensity using an NREL certified standard silicon 
photodiode. External quantum efficiency (EQE) measurements were obtained using a PV measurements 
OE system equipped with a Xenon arc lamp where monochromated light was chopped at a frequency 







4.3 Results and discussion 
The thiolate precursors used in this study are prepared simply from cadmium oxide (or acetate) and 
long, tertiary alkyl chain thiolates (Figure 4.1a). The use of these starting materials ensures the absence 
of extraneous elements (i.e. alkali metals, halides, nitrogen bases) which might later contaminate and 
interfere with the electronic properties of the CdS end product. The reaction between cadmium oxide 
and the thiols is simple and economical, however, it requires several weeks to complete while the 
reaction between cadmium acetate and the thiols proceeds overnight. Tertiary alkyl thiols are chosen as 
tertiary alkyl cadmium thiolates have previously been shown to decompose cleanly to form CdS upon 
heating at moderate temperatures in the range of 250 to 300 ℃.87-88 Although short alkyl chain cadmium 
thiolates are insoluble, the use of tertiary dodecyl and tertiary nonylthiols yields soluble cadmium 
thiolate precursors. After a mixture of cadmium oxide (or acetate), tertiary alkyl thiol and chloroform 
have magnetically stirred until the solid has dissolved, the mixture is passed through a 0.45 μm PTFE 
syringe filter to remove undissolved solids and precipitated into ethanol, washed with ethanol, then 
dried under a stream of argon. The isolated cadmium thiolate can then be dissolved in chloroform and 
spin-coated onto substrates just as a conjugated polymer or conjugated small molecule film might be 




Figure 4. 1. Schematic diagrams. (a) Synthetic scheme for thiolate preparation and (b) illustration of device 
processing procedure for preparing FETs from the soluble thiolates. 
 
Thermogravimeteric analysis (TGA) of the cadmium tert-nonanethiolate (CdTNT) (Figure 4.2a) 
shows that the powdered material rapidly decomposes in the range of 224 to 239 °C to 38.6% of its 
original mass, ultimately reaching 37.6% of its original mass by 400 ℃, while cadmium tert-
dodecanethiolate (CdTDT) (Figure 4.2b) decomposes in the range of 224 to 241 °C to 30.5% of its 




of the thiolate to CdS and consistent with the reported decomposition of other cadmium thiolates.61 
Although TGA indicates that CdTNT and CdTDT powders decompose to CdS at temperatures near 
240 ℃, a hotplate setting of 300 °C was used to consistently decompose spin-coated films of CdTNT 
and CdTDT and yield CdS films on silicon or glass substrates. A hotplate setting of 250 ℃ was not 
adequate to reliably decompose the film, likely because the top surface of the film is in contact with an 
ambient nitrogen atmosphere may be at a marginally lower temperature than the temperature measured 
by the hotplate. X-ray photoelectron spectroscopy (XPS) spectra of CdS films prepared from CdTNT 




Figure 4. 2. Characterization. TGA plots of (a) CdTNT and (b) CdTDT. X-ray photoelectron (c) Cd 3d and (d) S 
2p spectra of CdS films. 
 
Detailed XPS plots of the Au, Cd, and S signals are shown in Figure 4.3. A close-up of the Au 4f 
region (Fig. S1a) reveals that some Au signal is still apparent after depositing the CdS layer, indicating 
that the films do not completely cover the Au surface or are very thin in places (less than ~30 nm thick). 
A close-up of the Cd 3d region (Figure 4.3b) reveals binding energies of 412.25 and 405.35 eV for 
cadmium 3d3/2 and 3d5/2 orbitals, respectively, consistent with Cd-S bonding. A close-up of the S 2p 




respectively, consistent with the presence of a metal sulfide. Very little difference is apparent in the XPS 




Figure 4. 3. XPS spectra. a) Close-up of Au 4f region of XPS spectra. b) Close-up of Cd 3d region of spectra. c) 
Close-up of S 2p region of spectra. 
 
A UV-vis absorption spectrum was collected from a CdS film prepared by spincoating a CdTNT film 
on a glass substrate and annealing at 300 ℃ for 30 min in a nitrogen atmosphere. In Figure 4.4, it shows 
absorption spectrum having an onset of 524 nm and an optical bandgap of 2.37 eV, close to the reported 
optical bandgap (2.38 eV) for thermally evaporated bulk CdS films using a substrate temperature of 
300 °C.  
 
 






UPS spectra were collected from the same CdS films in the same way that XPS samples were 
prepared. Figure 4.5 indicate a high binding energy cutoff of 16.41 +/- 0.05 eV for films prepared from 
either CdTNT or CdTDT. Subtracting this energy from the photon energy (21.22 eV) yields a 
workfunction of 4.81 +/- 0.05 eV. The low binding energy onset region may be used to calculate the 
valence band energy, however, the onset is very gradual making it difficult to accurately determine the 
energy of the band edge. The valence band energy was estimated from the low binding energy onset 
and determined to be ~6.65 eV for CdS prepared from both CdTNT and CdTDT. Subtracting the optical 




Figure 4. 5. Ultraviolet photoelectron spectra of CdS films prepared from CdTNT and CdTDT. a) Secondary edgy 







X-ray diffractograms were collected for films prepared on Si substrates (Figure 4.6). Although the 
intensity of the spectra are low due to the films being very thin, the diffraction peaks fit the pattern 
expected for the Greenokite phase, while Debye-Sherrer analysis of the (110) peak indicate a crystal 




Figure 4. 6. X-ray diffractogram of CdS film prepared by sequentially spincoating CdTNT and annealing at 300 ℃ 






Atomic force microscope (AFM) images of the films before and after annealing are shown in Figure 
4.7. The films of CdTNT and CdTDT are relatively smooth with root–mean–square (RMS) roughness 
values of 1.1 and 0.6 nm, respectively. After annealing the thiolate films at 300 °C, the films become 
much rougher (RMS roughness of 21.7 and 14.4 nm for CdS prepared from CdTNT and CdTDT, 
respectively). The average thickness of CdS features is 39 nm for CdTNT and 28 nm for CdTDT. 
Multiple layers may be deposited by repeating the spin-coating and annealing steps in order to obtain 
thicker films. The films are rough compared to typical organic semiconductors, however, the roughness 
is comparable to that of CdS films prepared by chemical bath deposition (9 to 13 nm),30 which are 
commonly used as window layers in chalcogenide solar cells. The roughness does not adversely affect 
their FET behavior (discussed later). Nonetheless, we observed that smoother CdS films could be 
prepared by exposing the spincoated thiolate film to sulfur vapor at a considerably lower temperature 





Figure 4. 7. AFM images. (a) Pristine CdTNT film spin-coated from chloroform (8 mg mL−1 at 1500 rpm). (b) 
CdS film after annealing CdTNT at 300 ℃ for 30 min. (c) Pristine CdTDT film spin-coated from chloroform (15 
mg mL−1 at 1500 rpm). (d) CdS film after annealing CdTDT at 300 ℃ for 30 min. (e) CdS film after annealing 






FETs were fabricated by depositing CdS films as described above onto silicon substrates with a 200 
nm oxide layer, followed by thermal evaporation of Ag source and drain contacts. Immediately after 
fabrication, transfer curves exhibit n-type behavior with large leakage currents as shown in Figure 4.8. 
The device characteristics change dramatically after exposure to air for 1 hour. The off-current is 
reduced dramatically after air exposure; however, the overall current through the device also drops by 
several orders of magnitude and significant hysteresis is apparent. This increase in resistivity is 
consistent with effects of oxygen adsorption on thin CdS films previously observed by Bube, et al.89 
and the observed depletion of electron density in CdS nanobelt devices upon exposure to oxygen.90 
These undesirable effects can be resolved by one final annealing step at 300 °C in a nitrogen atmosphere, 
leading to devices with reduced leakage currents and generally good performance.  
 
 
Figure 4. 8. Transfer curve of CdS devices. a) Comparison of pristine CdTNT devices after annealing at 300 ℃ 
to devices exposed to air (1 hr.) and devices after air exposure and additional annealing for 30 min. at 300 ℃ in 
nitrogen. b) Device prepared by annealing a CdTDT film in the presence of elemental sulfur at 160 ℃ for 15 min. 
 
Output and transfer curves of these devices are shown in Figure 4.9. CdTNT leads to slightly higher 
μ than CdTDT, where μ (average of 8 devices) and on/off ratios are 41 ± 16 cm2 V−1 s−1 and >105 and 
21 ± 9 cm2 V−1 s−1 and ∼106 for devices prepared from CdTNT and CdTDT, respectively. The highest 
mobilities observed were 61 and 36 cm2 V−1 s−1 for CdTNT and CdTDT, respectively. The larger, 
interconnected domains observed in the morphology of CdS films prepared from CdTNT seem to result 
in greater overall mobility. Although AFM images and high-resolution XPS spectra (Figure 4.3 and 4.7) 
indicate that the films may not completely cover the substrate surface, attempts to increase surface 
coverage by depositing multiple layers of CdS did not lead to a significant increase in mobility if the 
precursor solution was at least 8 mg mL−1 in the case of CdTNT and 15 mg mL−1 in the case of CdTDT. 
Films prepared using lower concentrations lead to poor coverage and lower mobilities which can be 
improved with multiple coats, however, casting multiple coats has the undesirable effect of increasing 




multiple layers for FET fabrication. Interestingly, FETs prepared from the smoother CdS films using 




Figure 4. 9. FET and solar cell device characteristics. (a) and (b) Output curves for CdS devices prepared from 
CdTNT and CdTDT, respectively. (c) and (d) Transfer curves for CdS devices prepared from CdTNT and CdTDT, 
respectively. (e) J–V characteristics of ITO/PTB7/MoO3/Au (blue trace with circles) ITO/CdS/PTB7/MoO3/Au 
(dotted green trace) and ITO/ZnO/CdS/PTB7/MoO3/Au (red trace) devices. (f) External quantum efficiency of 
ITO/ZnO/CdS/PTB7/MoO3/Au device (red trace) compared to the absorption spectra of the CdS film (dotted 
green trace) and PTB7(blue trace with circles). 
 
A brief investigation of film and device stability was carried out. CdS films were prepared from 
CdTNT as usual following the optimized procedure described in the main text and stored in air for 1 
week, followed by annealing in nitrogen and electrode evaporation. These devices exhibited mobilities 
of 35 cm2/Vs, similar to control devices. Devices were aged in a glovebox (with O2 content <20 ppm) 
for 1 week. A small decrease in current and mobility was observed from 30 cm2/Vs (pristine) to 18 
cm2/Vs (week old). After annealing at 300 ℃ for 20 min in nitrogen, the performance was largely 
recovered and the devices exhibited a mobility of 34 cm2/Vs; slightly higher than the original mobility, 
though the overall current was slightly lower and the threshold voltage increased from 8 V to 14 V. 
These curves are plotted in Figure 4.10a. To investigate the air stability of the finished FETs, completed 
devices were also aged in air for 1 week, then brought into a nitrogen filled glovebox and annealed at 
300 ℃ for 20 min. The overall change was very similar to that observed for the devices aged in nitrogen, 
where the currents decreased slightly and the threshold voltage increased slightly. The original mobility 
was 45 cm2/Vs and the mobility after aging in air for 1 week and annealing in nitrogen was 41 cm2/Vs. 






Figure 4. 10. Transfer curve of CdS devices. a) Comparison of pristine CdTNT based devices after storing in 
nitrogen for 1 week and subsequently annealing. b) Comparison of pristine CdTNT based devices after storing in 
air for 1 week and annealing. 
 
In order to evaluate the applicability of the CdS films to other device types, hybrid solar cells were 
prepared using the CdS films as electron accepting layers in combination with the conjugated polymer 
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4]thiophenediyl]] (PTB7).91 Devices were prepared using the architecture 
ITO/CdS/PTB7/MoO3/Au and compared to devices without any CdS layer (ITO/PTB7/MoO3/Au) as 
well as devices with a ZnO layer92 (ITO/ZnO/CdS/PTB7/MoO3/Au). Current density–voltage (J–V) 
characteristics are reported in Figure 4.9e while the external quantum efficiency (EQE) of the 
ITO/ZnO/CdS/PTB7/MoO3/Au device is reported in Figure 4.9f, along with the absorption spectra of 
the CdS and PTB7 layers. The short-circuit current (JSC) in the device is found to increase dramatically 
from 0.12 to 0.92 mA cm−2 upon insertion of the CdS layer while the open circuit voltage (VOC) increases 
from 0.014 V to 0.228 V. The VOC of the device can be further improved to 0.350 V by incorporating a 
ZnO layer between the ITO and CdS layers, yielding a device which produces a JSC of 1.07 mA cm−2, 
a fill factor of 49% and a power conversion efficiency of 0.2%. The device including a ZnO layer 
without CdS was found to produce very little photocurrent (JSC ∼ 0.01 mA cm−2). The EQE produced 
by the ITO/ZnO/CdS/PTB7/MoO3/Au architecture shows significant photocurrent from both the CdS 
layer (which absorbs strongly in the 300 to 500 nm region) and the PTB7 layer (which absorbs strongly 
in the 550 to 700 nm region), demonstrating the ability of the CdS to function as both an electron 







In conclusion, we demonstrate a convenient route to obtain CdS films having good electron mobilities 
by spin-coating and thermally annealing cadmium thiolate molecules. Although the annealing 
temperature is somewhat higher than typical for organic semiconductors, the processing procedure is 
otherwise quite similar to procedures used to prepare organic FETs. The synthetic procedure, however, 
is considerably simpler than procedures used for typical organic semiconductors (such as Suzuki or 
Stille couplings) and does not involve the intermediary synthesis of nanoparticles; the thiolate is 
prepared by simply stirring CdO with an alkyl thiol and can be subsequently processed like an organic 
semiconductor. We envision that CdS films prepared in this way may be applicable to a wider range of 
semiconducting devices, including hybrid organic/inorganic devices. Future work will explore the 
applicability of this technique to other chalcogenide semiconductors and the identification of thiolates 





CHAPTER 5.  Environmentally-Benign, Non-Polar Inks for Solution-
Processed Chalcopyrite Solar Cells 
The content of this chapter is published in Scientific Reports 6, 36608 (2016) 
 
5.1 Research background 
Since their discovery, solar cells have been recognized as an appealing energy source due to the 
abundance of solar energy, their simplicity and lack of moving parts and their ability to generate power 
in remote locations. Although the practical use of solar modules in the past has been confined to niche 
applications (where their high cost could be justified), the aggregate amount of energy produced by 
solar modules has increased by more than one thousand times over the past 20 years and power 
generation from photovoltaics now constitutes approximately 1% of global electrical energy 
production.93 As other energy sources become increasingly scarce and the burning of fossil fuels is 
curbed to mitigate climate change94, the impetus to produce energy from sunlight continues to grow 
stronger every year. The large scale production of solar energy requires the deployment of solar cells 
over large surface areas, which is economically problematic due to the relatively high cost per area to 
manufacture photovoltaic modules. Thus, finding low-cost materials and strategies to fabricate solar 
cells constitutes an immensely important scientific challenge facing our generation. 
Recent years have witnessed the development many new types of solar technologies which can be 
deposited like inks by low cost solution coating techniques including organic bulk heterojunction (BHJ) 
solar cells95, dye-sensitized solar cells (DSSC)96, colloidal quantum dot (CQD) solar cells97 and 
perovskite solar cells42. Although the power conversion efficiencies (PCEs) of these technologies have 
developed rapidly to approach those of their inorganic counterparts, their stabilities and reliabilities 
remain unresolved. 
Another route to accomplish the same goals as BHJ, DSSC, CQD and perovskite approaches is to 
develop strategies to prepare more traditional inorganic solar cells by solution processing methods. 
CuInS298 and related Cu(In,Ga)Se2 materials have been shown to yield PCEs of over 20%99-100 , as high 
as any solar cell based on BHJ, DSSC, CQD or perovskite materials, while the long-term stability of 
these modules has already been established. Although these chalcogenide materials are generally 
insoluble, it has been demonstrated that using appropriate chemistry, soluble precursor compounds can 
be prepared and processed like inks79, 101. For instance, Mitzi and co-workers have shown that 
Cu(In,Ga)Se2 cells can be fabricated by processing films from solutions of hydrazinium metal selenides 




Although this has proven to be an effective method to prepare Cu(In,Ga)Se2 type solar cells, hydrazine 
is a toxic, corrosive and chemically reactive solvent. Alternatively, Cu(In,Ga)Se2 nanoparticles (NPs) 
can be synthesized and deposited by solution processing103-105. However, these NP based devices 
typically lead to low PCEs without a subsequent high temperature selenization step. 
The ultimate goal of researching solution-processed solar cells is to enable the manufacture solar 
cells on a large scale using industrial printing equipment. In the context of large-scale printing 
operations, inks based on non-toxic and non-polar solvents offer the best performance due to their low 
reactivity, low surface tension, good wettability, evaporation rates and ability to form smooth and 
uniform films. Thus, the ability to process solar cells using non-toxic, non-polar solvents offers the best 
compatibility with industrial-scale printing equipment. 
There are few examples of CuInS2 or Cu(In,Ga)Se2 solar cells being deposited from precursors using 
common organic solvents106-110. Until now, these works have utilized metal xanthate precursors which 
must be prepared using carbon disulfide, which poses health and reactivity problems like hydrazine. 
Metal xanthates additionally possess undesirable reactivity; they are very sensitive to pH and yield an 
ill-defined a mixture of reactive products when they decompose. Other works111-112 have utilized 
mixtures of metal halides and thiourea instead of single molecule precursors, however, it is unclear what 
happens to the halide anions or thiourea decomposition products after the metal sulfides are formed. 
Thus, molecular precursors which decompose by a well-defined reaction to yield well-defined products 
have until now not been demonstrated. 
In this contribution, we have used a rational, organo-chemical approach to design metal complexes 
which are soluble in non-toxic, non-polar solvents and decompose thermally to yield pure metal sulfide 
films. The t-butoxy carbonyl (TBOC) group was used as a model and starting point in the design of 
these complexes; the TBOC moiety is well-known to decompose quantitatively via SN1 or E1 
mechanisms at elevated temperatures to yield volatile iso-butene and CO2 byproducts.113 The thermally-
labile TBOC moiety has been successfully exploited as a solubilizing group to solution-process organic 
semiconductor films which become crystalline and insoluble after heating, allowing high-mobility, 
multilayer films to be processed114-116. In this work, we have extended this concept to solution-process 
insoluble, inorganic metal sulfide films. We show that tertiary-alkyl metal thiolates (TAMTs) 
decompose analogously to the TBOC group to yield volatile alkyl sulfides and insoluble metal sulfide 
films which are free from organic residue. 
We show that CuInS2 and Cu(In,Ga)S2 films can be readily prepared by annealing TAMT films which 







Figure 5. 1. Schematic diagrams including (a) TAMT precursor molecules used to prepare sulfide films and (b) 
processing strategy. 
 
Films with a range of compositions can be prepared by adjusting the ratio of each TAMT (Cu, In, and 
Ga) in order to achieve a range of band gaps and allowing detailed control of the energy band structure. 
These films can be deposited on conductive transparent indium tin oxide (ITO) substrates, with 
appropriate electrodes, in order to produce photovoltaic devices (Figure 5.2). By grading the bandgap 
of the active layer, it is possible to create a band structure which drives photoexcited electrons from the 




Figure 5. 2. Schematic diagrams of architectures used for (a) n-type substrates, (b) p-type substrates and (c) p-
type substrates using an active layer with a graded band-gap. 
 
This report marks the first of its kind to utilize rationally designed CuInS2 precursors which thermally 
decompose via a well-understood reaction. The complexes yield volatile by-products with low 
reactivity (dialkyl sulfides) and metal sulfide films which are free of organic residue. The simple 
reagents used, coupled with the straightforward synthesis and processing of the materials make this 





5.2 Experimental details 
Material Synthesis 
Copper t-dodecanethiolate (CuTDT): Copper (II) acetate monohydrate (1.00 g, 5.00 mmol) was 
dissolved in a mixture of 12 mL ethanol and 12 mL water yielding a deep blue solution. A small amount 
of solid did not dissolve. t-dodecanethiol (2.78 mL, 11.8 mmol) was separately dissolved in 8 mL of 
ethanol. The two solutions were combined in a large vial and shaken for 15 minutes, during which time 
the liquid phase changed from blue to green to hazy yellow, indicating a reduction of Cu (II) to Cu (I), 
while the remaining copper acetate dissolved. The mixture was centrifuged at 2000 rpm for 5 minutes 
and a thick oily phase separated to the bottom. The supernatant liquid was discarded and the oily phase 
was washed several times with anhydrous methanol. The viscous material was transferred to a Schlenk 
flask and dried under vacuum overnight. 
Indium t-dodecanethiolate (InTDT): In a nitrogen-filled glovebox, indium isopropoxide (0.584 g, 
2.0 mmol) was weighed into a 10 mL vial and dissolved in 4 mL of anhydrous THF. T-dodecanethiol 
(1.55 mL, 6.6 mmol) was added to the solution and shaken vigorously. The mixture was allowed to 
stand at room temperature for 2 hr. before being filtered through a 0.45 micron PTFE syringe filter into 
a Schlenk flask. The solvent and excess thiol were removed under vacuum and the resulting viscous 
clear material was dried under vacuum overnight. 
Gallium t-dodecanethiolate (GaTDT): The same procedure as used for InTDT was used, with the 
exception that gallium isopropoxide (0.494 g, 2.0 mmol) was used instead in place of indium 
isopropoxide. 
Cadmium t-nonanethiolate (CdTNT): was prepared from cadmium acetate and t-nonanethiol 
following the procedure in Chapter 4.2. 
 
Film Processing 
Unless otherwise noted, films were prepared by dissolving metal TAMTs in THF at a concentration 
of 100 mg/mL, filtering the solution through a 0.45 μm PTFE filter and spin casting at 1500 rpm. Films 
were then annealed on digital hotplates, in a nitrogen filed glovebox at temperatures in the range of 
200–400 ℃ for 10 minutes to facilitate conversion of the TAMTs to sulfide films. 
 
Film characterization 
TGA traces of each sample were collected using a TGA instrument, Q500. To collect each trace, ~20
 mg samples were put in aluminium pans and the temperature was raised from 25 to 450 ℃ at 5
 ℃/min. XRD patterns were collected using an X-ray diffractometer D/MAX2500V/PC (Rigaku, 
Japan). Powder samples for TGA and XRD were prepared through annealing of TAMT complexes at 




gathered using Bruker 450-GC & 320-MS. For the measurement, samples were prepared as described 
in the main text. UV-vis spectrometry was performed using a Varian Carry 5000 spectrophotometer in 
the range 300 to 1200 nm with 1 nm resolution. AFM images were collected using a Veeco Multimode 
microscope with 300 kHz silicon tips operating in tapping mode. SEM images were gathered using 
NanoSEM 230, FEI. For Raman measurements, sample was prepared by heating an equimolar mixture 
of Cu and In thiolates to 300 °C under vacuum and collecting the volatile byproducts using a liquid 
nitrogen trap and dissolving this material in chloroform. Raman spectra were additionally collected for 
CuInS2 film samples prepared as described in the text. Raman spectra were measured using 532 nm 
excitation wavelength with a WITec alpha300R confocal Raman microscope. Laser beam power was 1
 mW and the collected spectra were integrated 10 times. 
 
UPS/XPS Measurements 
50 nm thick gold films were deposited on pre-cleaned Si substrates with a thin native oxide. Solutions 
were spin cast onto the gold films using the same procedures used to fabricate devices, as described in 
the text and device fabrication sections. UPS and XPS experiments were carried out using a Thermo 
Fisher Scientific ESCALAB 250XI which was maintained at a base pressure of 1.0 × 10-9 Torr. UPS 
measurements were carried out using a He I (hv = 21.2 eV) source while XPS measurements were 
performed using a monochromated Al-Kα X-ray source. UPS and XPS spectra were collected for films 
annealed at both 300 and 400 ℃, but did not show significant differences. 
 
Device fabrication and testing 
Glass/ITO substrates were cleaned with detergent, then ultra-sonicated in acetone and isopropanol 
and subsequently dried in an oven overnight at 100 ℃. Metal sulfide films were processed from 
solutions of each TAMT in THF as described above. In the case of CdS, a solution of CdTNT in 
chloroform (6 mg/mL) was used. ZnO films were deposited by diluting 200 µL of a solution of diethyl 
zinc in toluene (Aldrich, 15 wt%) with 400 µL of anhydrous THF, filtering the diluted solution through 
a 0.45 um PTFE filter and spin coating this solution in air at 3000 rpm, followed by annealing in air at 
110 °C for 10 min. Completed devices were pumped down in vacuum (<10–6 torr; 1 torr ~133 Pa), and 
100 nm thick Al electrodes or 80 nm thick Au electrodes were deposited on top of the active layer by 
thermal evaporation. J-V measurements were carried out using a Keithley 2635A source measurement 
unit with the solar cells inside a nitrogen filled glove box using a high quality optical fiber to guide the 
light from a Xenon arc lamp to the devices. An aperture with an area of 13 mm2 defined the active area 
of the devices. The J-V were measured under AM 1.5G illumination at 100 mWcm−2 calibrated with a 
Si photodiode (PV Measurements, Inc.) which was standardized at the National Renewable Energy 




tested. EQE measurements were conducted in ambient air using an EQE system (Model QEX7) by PV 
measurements Inc. (Boulder, Colorado). Spectral mismatch factors between the simulator and AM1.5G 






5.3 Results and discussion 
The TAMT materials were conveniently synthesized by reacting metal alkoxides or acetates with 




Figure 5. 3. Synthesis of metal thiolates and their thermal decomposition to metal sulfides. 
 
In the case of copper t-dodecanethiolate (CuTDT), Cu(II) acetate reacted with 2 equivalents of t-
dodecanethiol, undergoing a reduction/oxidation reaction with simultaneous anion displacement to 




were found to readily react with t-dodecanethiol; isopropoxide is a strong base which is quickly 
neutralized by proton transfer from t-dodecanethiol (a weak acid) to yield Ga and In t-dodecanethiolates 
(GaTDT and InTDT) and isopropanol. The isolated TAMTs were found to be insoluble in polar solvents 
including water and methanol, but exhibited excellent solubility in non-polar solvents and solvents with 
intermediate polarity including hexane, toluene, chloroform and tetrahydrofuran (THF). The TAMTs 
were found to be stable for months at room temperature in the absence of light, but decomposed rapidly 
to metal sulfides upon heating to moderate temperatures. 
In order to quantify the thermal decomposition of the precursors into metal sulfides, 
thermogravimetric analysis (TGA) was performed. Figure 5.4 shows TGA traces of each thiolate 
complex as well as a 1:1 molar mixture of CuTDT and InTDT. CuTDT begins to decompose at 160.4 ℃ 
(95.7% of original weight) and rapidly loses mass to 32.4% of its original weight during an increase of 
9.1 ℃. InTDT decomposes to 27.1% of its original weight in the range of 121.9 ℃ to 133 ℃, while 
GaTDT steadily decomposes to 17.3% of its original weight starting at 78.7 ℃ and ending at 129.4 ℃ 










The 1:1 molar mixture of CuTDT and InTDT converts to the metal sulfide phase somewhat more 
gradually over a range of 46.5 ℃, losing 62.8% of its weight without showing two distinct 
decomposition steps. The losses in mass are consistent with the thermal decomposition mechanisms 
outlined in Figure 5.3. Although all materials decompose to metal sulfides below 200 ℃, TAMT films 
were processed at a reference temperature of 300 ℃ throughout this study to ensure complete 
conversion of the insulating precursors to semiconducting sulfide films. For some experiments, higher 
annealing temperatures were used as noted in order to achieve better film crystallinity. 
In order to confirm the decomposition mechanism and identity of the reaction by-products, we 
decomposed samples of the complexes by heating to 300 ℃ under vacuum and trapped the volatile 
decomposition products with a liquid nitrogen trap. The decomposition products were dissolved in 
chloroform and analyzed by gas chromatography -mass spectrometry (MS, Figure 5.5) and Raman 
spectrometry (Figure 5.6). 
 
 
Figure 5. 5. Mass spectra of (a) t-dodecanethiol reference and (b) the volatile decomposition products obtained 
upon heating a 1:1 molar ratio of CuTDT and InTDT to 300 ℃ 
 
A control sample consisting of the thiol starting material was analyzed as a reference, however, no 
peak corresponding to the MW of the parent thiol (M = 202) was observed in the MS spectrum and the 
largest MW observed in the thiol spectrum (M = 168) corresponded to the MW of the thiol – H2S, i.e. 




MS instrument. This is consistent with reference MS spectra of t-dodecanthiol (2-methyl-2-
undecanethiol) which show no peak at M = 202 corresponding the un-fragmented compound.117 The 
decomposition products obtained by heating a mixture of CuTDT and InTDT also showed a highest 
MW of 168 with spectra which closely resembled the parent thiol. The MS results thus did not 
distinguish between alkylthiol, alkene or dialkyl sulfide, due to the ease with which the C-S bond is 
cleaved in the MS instrument, however, were consistent with the presence of any one of these 
compounds. 
Raman spectra of the decomposition products (Figure 5.6) clearly showed that no alkene or thiol 
were present, but showed strong peaks corresponding to C-S vibrations, indicating that the volatile 
decomposition product consists chiefly of the dialkyl sulfide.  
 
Figure 5. 6. Raman spectra taken from (a) CuInS2 volatile decomposition products dissolved in chloroform, (b) 
TAMT precursor in chloroform, (c) CuInS2 films processed from TAMTs after annealing at 200 and 300 ℃, and 
(d) Comparison of A1 vibrational mode of films processed at 300 ℃, before and after sintering in a vacuum tube 
furnace at 570 ℃. 
 
This strongly suggests that the decomposition of the TAMT occurs primarily via an SN1 mechanism 
as shown in Figure 5.3. Although we initially anticipated that the thiolates decomposed via an E1 




thiolate anions in the films, which are known to be exceptionally strong nucleophiles and apparently 
react with the carbocation intermediate before proton transfer and elimination of the alkene can occur. 
The rapid, thermally activated decomposition at lower temperatures than primary or secondary 
thiolates88 is also consistent with E1 or SN1 processes and further substantiate the decomposition 
mechanism. 
Raman spectra of CuInS2 films prepared by spin coating an equimolar ratio of CuTDT and InTDT 
and annealing at 200 ℃ and 300 ℃ are also shown in Figure 5.6. The spectra of films annealed at 200 
or 300 ℃ show no bands in the range of 600–1200 cm-1corresponding to C-S, C-S-C or CH2 vibrational 
modes and no sharp peaks in the range of 2400–3000 cm−1 corresponding to S-H or C-H vibrations, 
(Table 5.1) indicating that no detectable amounts of organic residue were present after annealing at 
either 200 or 300 ℃. A plot of the un-annealed precursor is included for reference showing strong C-H 
stretching signals at ~2800 to 3000 cm−1 and several other sharp peaks in the range of 400 to 2500 cm−1 
which disappear after annealing films at 200 ℃ or more. These results are consistent with the TGA 
measurements; upon heating the TAMTs, the mass decreases in the range of 120–170 ℃ and reaches a 
constant value, indicating that the organic constituents have completely volatilized and no organic 
residue is left at 200 ℃. 
 
Table 5. 1 Raman vibrational mode assignment for 1-Dodecanethiol.118 









The presence of CuInS2 was confirmed by examining the region of the Raman spectrum near 
300 cm−1 (Figure 5.6). Phase-pure CuInS2 with the tetragonal chalcopyrite structure exhibits a Raman 
spectrum dominated by a sharp A1 signal at 290–292 cm−1.119-120 A very broad peak at 298 cm−1 with a 
strong shoulder was observed for films annealed at 300 ℃, consistent with the presence of disordered 




glass substrate), the Raman spectrum becomes much sharper while the relative intensity of the shoulder 
decreases, indicating that the tetragonal chalcopyrite phase crystallizes and that the crystal quality 
improves upon annealing at higher temperature. However, it is apparent that the crystallinity of films 
post-annealed in this way is still inferior to films which are epitaxially grown or sulfurized at high 
temperatures. 
UV-vis absorption spectra of Cu2S, In2S3, and different compositions of Cu(In,Ga)S2 are shown in 
Figure 5.7, while the optical properties are summarized in Table 5.2. Cu2S absorbs light up to 1020 nm 
optical energy gap (Eg (opt) = 1.22 eV), whereas In2S3 exhibits an absorption onset at 550 nm. (Eg 
(opt) = 2.25 eV). CuInS2 films were prepared by spin coating a mixed TAMT solution with 1:1 molar 
ratio, the CuInS2 absorption spectra exhibit a clear absorption onset which is distinct from either Cu2S 





Figure 5. 7. (a) Spectra of all materials annealed at 400 ℃. (b) Zoomed plot of the 500-1000 nm spectral region 
showing absorption onsets for Cu(In,Ga)S2 materials annealed at 300 (dashed traces) or 400 ℃ (solid lines) (c) 
Tauc plots showing (αhν)2 vs hν (for direct optical transitions). 
 
Table 5. 2. Absorption onsets, optical band gaps and band energies of sulfide films. 
Materials λonset (nm) Eg(opt) (eV) EVB (eV) ϕ (eV) ECB (eV) 
Cu2S 1020 1.22 4.9 4.9 3.7 
In2S3 550 2.25 6.4 4.9 4.1 
Ga2S3 380 3.26 7.4 4.9 4.1 
CuInS2 860 1.44 5.4 4.9 4.0 
Cu(In,Ga)S2 
[In:Ga = 3:1] 
800 1.55 5.4 4.9 3.9 
Cu(In,Ga)S2 
[In:Ga = 2:2] 





The presence of a distinct CuInS2 phase after annealing at 400 ℃ and 570 ℃ was confirmed by X-
ray diffraction (XRD) (Figure 5.8). Diffraction patterns of films annealed at both temperatures fit the 
tetragonal chalcopyrite phase, however, the diffraction peaks become much narrower at higher 
temperature. The full width at half maximum of the 112 plane decreased from 3.22 to 1.26 ° upon 
annealing at 400 and 570 ℃, respectively, indicating that relatively amorphous CuInS2 material initially 
formed by the decomposition of the thiolates is able to crystallize in the tetragonal chalcopyrite phase 
when heated sufficiently, consistent with the trends observed in Raman spectra. Films annealed at 200 ℃ 
or 300 ℃ did not exhibit any significant diffraction pattern, indicating an amorphous structure and low 




Figure 5. 8. X-ray diffraction patterns of CuInS2 materials. (a) Powder annealed at 400 ℃. (b) Thin film annealed 
at 570 ℃ under a stream of argon. 
 
As expected, were able to tune the optical bandgap of CuInS2 by adding GaTDT to mixed 
CuTDT/InTDT solutions. This process leads to a widening of Eg in the Cu(In,Ga)S2 films, as Ga atoms 
replace In atoms in the structure. A 3:1 molar ratio of In:Ga in Cu(In,Ga)S2 film exhibits a blue-shifted 
absorption onset by 60 nm, while a 140 nm blue-shift is observed in the film with 1:1 molar ratio of 
In:Ga. In contrast, pristine Ga2S3 films show virtually no absorption of visible light due to the wide 
bandgap of Ga2S3 (3.26 eV). Figure 5.7b shows the effect of annealing temperature on the absorption 
spectra of Cu(In,Ga)S2 films. As we confirmed in TGA, TAMTs could be converted to metal sulfides 
below 200 ℃. However, films were annealed at 300 or 400 °C to encourage crystallization and to obtain 
suitable absorption data; it is clear that films annealed at 400 °C show sharper absorption onsets and 
higher optical density than films annealed at 300 ℃. For comparison, absorption data were plotted as 
Tauc plots of (αhν)1/2 vs hν (Figure 5.9) and (αhν)2 vs hν (Figure 5.7c) to model indirect and direct 




fitting absorption onsets. The (αhν)2 plots showed good fits as well, except for In2S3, which has been 
shown to have both direct and indirect optical transitions, causing an indistinct absorption onset which 
is consistent with previous observations.121-122 
 
 
Figure 5. 9. Tauc plots ((αhν)1/2 vs hν) for indirect transition of various chalcogenide films annealed at 400 ℃ 
 
The surface morphology of each film was characterized by atomic force microscopy (AFM). AFM 
images of Cu2S, In2S3, and CuInS2 are shown in Figure 5.10. All films show smooth surfaces with RMS 




Figure 5. 10. AFM images showing (a) Cu2S, (b) In2S3 and (c) CuInS2 films prepared by annealing the 
corresponding metal thiolates at 300 ℃ for 10 minutes. Image (d) shows a CuInS2 film annealed at a higher 





Figure 5.10a-c shows the surface morphology of Cu2S, In2S3, and CuInS2, respectively, processed at 
300 ℃ for 10 min. Cu2S exhibits a rougher and irregular morphology compared to In2S3 and CuInS2 
films, with RMS roughnesses of 1.1, 0.4 and 0.9 nm, respectively. CuInS2 shows intermediate surface 
features compared to Cu2S and In2S3. In the case of CuInS2 annealed at 400 ℃, (Figure 5.10d), the 
horizontal size of the surface features becomes larger than films annealed at 300 ℃, however, the 
surface morphology becomes smoother. Figure 5.10c,e,f compare how varying the annealing time from 
1 to 60 minutes affects morphology. These images suggest that annealing time does not greatly affect 
to the surface morphology of the films. To confirm the surface morphology of the CuInS2 films, 
scanning electron micrograph (SEM) images were taken of the surface. 
SEM images were collected for cross-sections of CuInS2 films and CuInS2/CdS/ZnO trilayer films 
prepared on glass/ITO substrates were collected as well. These images are shown in Figure 5.11. It can 





Figure 5. 11. SEM images showing (a) a CuInS2 film deposited on a glass/ITO substrate and (b) a device stack 
consisting of a CuInS2/CdS/ZnO trilayer structure deposited on a glass/ITO substrate. CuInS2 and CdS layers were 





X-ray photoelectron spectra (XPS) were collected for Cu2S, In2S3 and CuInS2 films (Figure 5.12) 
confirming the presence of Cu in Cu2S and CuInS2 films and confirming the presence of In in In2S3 and 
CuInS2 films. Sulfur was present in all the films and the binding energies of the peaks were consistent 
with metal sulfide bonding states in all samples. 
 
 
Figure 5. 12. XPS spectra collected for (a) Cu2S, (b) In2S3 and (c) CuInS2 films annealed at 300 ℃. 
 
Ultraviolet photoelectron spectra (UPS) data (Figure 5.13) and UV-vis absorption spectra (Figure 
5.7) were used to construct energy band diagrams as shown in Figure 5.14. Work functions (φ) were 
calculated from the secondary edge onsets (ESE) of each spectrum via the equation φ = 21.2 eV - ESE. 
The work functions were found to be 4.9 eV for all of the samples with the composition Cu(In,Ga)S2, 
compared to 4.8 and 4.2 eV previously reported for CdS and ZnO33. Varying the content of Ga element 
in CuInS2 film did not affect to the work functions of the materials. Valence band edge energies (EVB) 
of each layer were obtained from the Fermi edge relative to an Au reference. We completed the energy 
band diagram deducing the level of the conduction band edge (ECB) of each film from the collected UV-
vis absorption data. ZnO and CdS layers showed deep EVBs of 7.2 eV and 6.5 eV, respectively, while 
three different Cu(In,Ga)S2 films exhibit the same EVB at 5.4 eV. This implies that the different 






Figure 5. 13. UPS spectra collected on Au substrates with a measured work function of 4.9 eV. (a) Overview of 
Cu2S, In2S3, and Ga2S3 spectra. (b) Overview of CuInS2, CuIn3/4Ga1/4S2 and CuIn1/2Ga1/2S2 spectra. All of the 
materials show the same work function as the gold substrates (4.9 eV), indicating no vacuum level shift. (c) Close-
up of Fermi edge region of CuInS2, CuIn3/4Ga1/4S2 and CuIn1/2Ga1/2S2 films. (d-f) Close-up of Fermi edge regions 
of Cu2S, In2S3 and Ga2S3 films, respectively. Ionization potentials (IPs) were calculated relative to the work 




Figure 5. 14. Energy band diagrams. (a) Absolute work function, valence and conduction band energies of each 





Solar cells were prepared by spin coating and annealing TAMTs onto conductive, transparent ITO 
substrates with an ITO/ZnO/CdS/CuInS2/MoO3/Au structure. CuInS2 layers were spin cast with 1:1 
molar ratio of CuTDT and InTDT and annealed at 300 ℃ for 45 min. CdS window layers were also 
fabricated from Cd thiolate precursor following a similar method developed by our group20. Current 
density versus potential (J-V) characteristics of different thickness of CuInS2 solar cells are shown in 
Figure 5.15a. We controlled the thickness of the CuInS2 layer by varying the number of coats. Using 
an overall concentration of 100 mg/mL in THF and a spin rate of 1500 rpm, a thickness of ~80–100 nm 
is obtained for each coat. Devices with 2 coats of CuInS2 layer showed better current density (JSC) and 
open circuit voltage (VOC) compared to devices with 1 coat of CuInS2. However, further increases in the 
thickness of the CuInS2 layer caused a decrease in performance. We presume that the annealing 
temperature of 300 ℃ was not sufficient to fully crystallize the CuInS2 phase, which leads to poor 
carrier extraction in thick films. A decrease in VOC in the device with more than 2 coats of CuInS2 




Figure 5. 15. Solar cell characteristics. (a) J-V characteristics and (b) EQE spectra of CuInS2 solar cells prepared 
on ZnO/CdS substrates. (c) J-V characteristics of solar cells prepared on ITO substrates. 
 
The solar cell characteristics of the device using an active layer comprising two coats of CuInS2 
include a JSC, VOC, FF and PCE of 5.8 mA/cm2, 0.472 V, 0.408 and 1.11%, respectively. Figure 5.15b 
shows the external quantum efficiency (EQE) of the devices. We expected that the enhanced absorption 
of the thicker CuInS2 layer would increase the JSC. However, the EQE was significantly reduced after 2 
coats of CuInS2. This indicates that the reduced EQE can be attributed to lowered internal quantum 
efficiency of the device, or poor charge carrier extraction due to the ill-defined crystalline structure 
confirmed by Raman (Figure 5.6) and XRD patterns (Figure 5.8). The different spectral shape of the 
EQE depending on the thickness of the devices arises from optical interference effects inside the active 
layer due to the thickness of the active layer, which is comparable to the wavelengths of incident light. 
Although such optical interference effects are unusual in CIGS devices (which are typically thicker than 
1000 nm) they are common in devices with thin active layers such as organic and perovskite solar cells. 




glass/ITO substrates, followed by deposition of CdS and ZnO layers. A J-V curve corresponding to this 
device architecture is shown in Figure 5.15c. The performance in this architecture was somewhat 
improved, including a JSC, VOC, FF and PCE of 7.4 mA/cm2, 0.497 V, 0.403 and 1.53%. These PCE 
values are comparable to other CuInS2 devices prepared by solution processing methods such as NPs 
or other precursors without a high-temperature annealing or selenization step103, 105, 123, however, are 
low compared to CuInS2 or Cu(In,Ga)Se2 devices which are grown epitaxially or selenized at high 
temperature. Although the films are chemically pure, the relatively low PCE and thin optimum active 
layer thickness are consistent with a disordered film structure with small crystal domains, where 
abundant grain boundaries lead to short minority carrier diffusion lengths and limit the active layer 
thickness. Initial attempts to increase the annealing temperature to 400 ℃ unfortunately led to a 
dramatic drop in VOC and high rate of device failure, which we presume may be due to instability 
between the ITO substrates and deposited chalcogenide layers at high temperatures. Although the band 
structure of the Ga-doped films indicates a slope in the conduction band which should provide an 
increased driving force pushing photogenerated electrons towards the p-n junction, initial attempts to 
incorporate Ga into the device structure yielded low JSC values. We are currently investigating methods 
to improve the crystallinity of the materials using higher annealing temperatures with alternative 
substrates such as molybdenum, as well as post-deposition selenization, which we anticipate will allow 







Various metal thiolates (Cu, In, Ga) were synthesized as effective metal sulfide precursors through a 
low-cost and straightforward synthetic strategy. Spin coated films could be easily processed using non-
polar and non-toxic solvents and decomposed cleanly at moderate temperatures to yield films free of 
organic residue. The volatile decomposition products were identified as dialkyl sulfides indicating that 
the complexes decomposed via a well-defined SN1 mechanism, analogously to the TBOC group. Binary, 
ternary, and even quaternary systems of metal sulfide films were solution-processed using mixed TAMT 
precursor solutions by spin casting followed by mild thermal annealing. The versatility of this method 
was demonstrated using four different metal complexes. The films were characterized electronically 
and exhibited band structures consistent with semiconducting Cu2S, In2S3, CuInS2 and Cu(In,Ga)S2 
films. Functional solar cells were fabricated using the same techniques and equipment used for polymer 
solar cells by successive deposition of metal sulfide layers. This report marks the first of its kind to 
demonstrate the preparation of environmentally friendly CuInS2 type solar cells from non-polar thiolate 
precursors which are soluble in common organic solvents. In contrast with the widely used epitaxial 
growth methods used to prepare metal chalcogenide films, this approach constitutes a rapid, low-cost, 
strategy to prepare metal chalcogenide thin films, which is compatible with large-scale deposition 
methods such as printing or roll-to-roll coating. It offers great potential for application in the fabrication 
of a range of large-area semiconducting devices such as solar cells, LEDs, photodiodes and transistors, 






CHAPTER 6.  Optically Tunable Plasmonic Two-Dimensional Ag 
Quantum Dot Arrays for Optimal Light Absorption in 
Polymer Solar Cells 
The content of this chapter is published in J. Phys. Chem. C. 121, 17569 (2017) 
 
6.1 Research background 
Low short-circuit current density of polymer solar cells has been one of the most critical concerns in 
polymer solar cells due to its tens of nanometers thick active layer for an optimal device operation.95, 
124 Incorporating metal nanoparticles inside the device can effectively improve the short-circuit current 
density owing to light-matter interaction between incident photons and conduction electrons of the 
metal nanoparticles at resonance frequency.125-126 The excited collective oscillation of the electrons, 
which is spatially confined in the nanoparticles is called localized surface plasmon resonance (LSPR).127 
At the resonance frequency, LSPR induces a dipolar excitation of electric fields around the nanoparticles, 
which has the intensity of an order higher than the incident field intensity. Furthermore, an enhanced 
light scattering by the nanoparticles as scattering centers can be guided into the active layer. Careful 
control of two physical phenomena can be utilized to improve the short-circuit current density.  
In order to place the resonance frequency where the device exhibits poor photon to electron 
conversion efficiency, the size, shape and its composition128-130 are generally tuned. However, these 
generally bring chemical complexity during the nanoparticle synthesis step. Hence, it is more preferable 
to vary the refractive index of surrounding medium in solid form, which has not yet been studied in 
detail, as an efficient method to manage plasmonic characteristics of the nanoparticles. 
In this manuscript, we prepare 2-dimensional array of Ag quantum dots (2D Ag QAs) on indium tin 
oxide (ITO) coated glass substrate by using the method called block copolymer micellar lithography. 
For a tune of plasmonic characteristics of 2D Ag QAs, two electron transport layers (ETLs), ZnO and 
TiO2 are utilized as surrounding media of the QDs. 
When dipolar excitation of the nanoparticles is only considered, which is common in ~ 10 nm 
diameter, extinction cross-section, Cext of the spherical nanoparticles according to Mie’s solution of 















where R is the radius of the nanoparticles, ɛm is the permittivity of the surrounding medium, N is the 
electron density, and ɛ′ and ɛ′′ is the real and imaginary part of the dielectric function of the metal. χ is 
the geometrical factor, which is 2 for the spherical particle. In this case, the surrounding media are 
transparent metal oxides, which exhibit extinction coefficient, k ≈ 0. Consequently, the extinction cross-
section of 2D Ag QAs is dependent predominantly on the refractive indices of the surrounding media 
according to the following relation: 
 
 𝜀 = 𝜀′ + 𝑖𝜀′′ = (𝑛 + 𝑖𝑘)2 = (𝑛2 − 𝑘2) + 𝑖(2𝑛𝑘) (6-2) 
 
where n and k denote the real and imaginary parts of the complex index of refraction, respectively.  
ZnO and TiO2 are known as efficient electron transport materials for polymer solar cells, which they 
possess similar optical and electronic properties, while the refractive index of each material is far 
different. Each electron transport layer is prepared using metal oxide nanoparticles on the 2D Ag QA 
coated ITO substrate, which allows the least damage to the 2D Ag QAs for the device fabrication. We 
characterize optical and electronic properties of the plasmonic solar cells depending on the type of 
electron transport layer by both experiment and simulation. Through the deduced results, it is found that 
the main enhancement of the device performance mainly arises from the enhanced short-circuit current 
density by relatively stronger directional light scattering into the active layer by 2D Ag QAs rather than 






6.2 Experimental and computational details 
Fabrication of 2D Ag QAs 
2D Ag QAs were fabricated by block copolymer micelle lithography (BCML). Polystyrene-block-
poly(2-vinylpyridine) (PS-b-P2VP) block copolymers (purchased from Polymer Source, Montreal) 
with molecular weights of 417 kg/mol (MnPS = 325 kg/mol, MnP2VP = 92 kg/mol), 214 kg/mol (MnPS = 
172 kg/mol, MnP2VP = 42 kg/mol), 265 kg/mol (MnPS = 133 kg/mol, MnP2VP = 132 kg/mol), 428 kg/mol 
(MnPS = 213 kg/mol, MnP2VP = 215 kg/mol), and 793 kg/mol (MnPS = 440 kg/mol, MnP2VP = 353 kg/mol) 
were used. These copolymers were dissolved in toluene (0.5 wt % solution) as the precursor solutions. 
Then, silver nitrate (AgNO3) was added to the precursor solutions with a molar ratio of 0.5 (Ag+ 
ions/vinylpyridine repeat unit) and stirred overnight at room temperature. The precursor solutions were 
spin-cast on cleaned indium tin oxide (ITO) substrates at 3000 rpm for 40 s and then exposed to 
hydrogen (H2) plasma for 3 min to etch the polymer template. 
 
Polymer Solar Cells Fabrication and Characterization 
Polymer solar cells were fabricated with an inverted configuration of ITO glass/2D Ag QAs/ZnO 
NPs or TiO2 NPs/PTB7:PC71BM/MoO3/Ag, where ZnO NPs and TiO2 NPs were synthesized following 
protocols reported elsewhere. The thicknesses of electron transfer layers were measured by profilometry. 
Patterned ITO-coated glass substrates were cleaned by ultrasonication using detergent, distilled water, 
acetone, and isopropanol and dried in an oven overnight at 100 °C. After application of 2D Ag QAs 
(described above), ZnO NPs or TiO2 NPs were spin-coated at 3000 or 1500 rpm for 40 s on top of 
patterned 2D Ag QAs, and baked at 100 °C for 10 min or 150 °C for 30 min, respectively. Photoactive 
layers were spin-cast from solutions containing a blend of PTB7:PC71BM dissolved in chlorobenzene 
(CB) solvent at a concentration of 12 mg/mL with additional (3% v/v) diiodooctane (DIO) as a solvent 
additive. After drying, MoO3 (5 nm) and Ag (85 nm) anodes were sequentially deposited on top of the 
active layers by thermal evaporation under high vacuum (<10–6 Torr). 
 
Discrete Dipole Approximation (DDA) Method and Quantum Effects 
DDA is a method to calculate the optical properties of an arbitrarily shaped target material, which is 
partitioned into a finite array of dipole points. To set appropriate dipole spacing, the criterion of |m|kd 
< 1 must be satisfied, where |m| is the modulus of complex refractive index, k is the reciprocal value of 
the incident wavelength, and d is the dipole spacing. For the DDA calculations, we used the DDSCAT 
program (ver 7.3.0).132-133 The dielectric functions of ITO, ZnO, and TiO2 were taken from Sopra N&K 
Database (Sopra Group, Belfast, Ireland), literature,134-135 and our own experimental measurements, 
respectively. The dielectric function of silver was determined as a function of quantum dot radius since 




length of conduction electrons in the bulk metal. Also, intrinsic size and nonlocal effects were 
considered in this work. To apply these two quantum effects, we used the modified dielectric function 
of bulk metals as follows, 
 
 𝜀(𝑘, 𝜔, 𝑅) = 𝜀𝑏𝑜𝑢𝑛𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜔) + 𝜀𝑓𝑟𝑒𝑒−𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝑘, 𝜔, 𝑅) (6-3) 
 
The first term includes the interband transition from d-band to the conduction sp-band. However, 
when the radius of the metal nanoparticle is over 1 nm, this term becomes independent of the size.136 
Hence, the quantum effects were not included in the first term and the bulk dielectric function of bound 
electrons, taken from Palik’s handbook,137 was used. But for the second term, the Drude-Sommerfeld 
model including the intrinsic size and nonlocal effects was used as follows, 
 







where ωp is the bulk plasma frequency, which was 1.36 × 1016 Hz,138 and γfree is the damping constant 
for conduction electrons. The intrinsic size effect was implemented by adding the size-dependent term 
as follows,136  
 





where vF is the Fermi velocity, R is the radius of the particle, and C is a constant related to electron 
scattering. The values of γbulk, vF, and C were 1.36 × 1013 Hz, 1.39 × 1015 nm/s, and 0.75, respectively.138-
139 The β2k2 trem represents the nonlocal effect,140-141 where k (i.e., wave vector) is 2π/b (b is the particle 
size), and β2 is AvF2/D (D is the dimension of the target structure and A = 1 for low frequencies and A = 




We considered three model systems (Figure 6.1) to investigate key factors, which affected the 
performance of PSC devices. First, to calculate optical properties (i.e., extinction spectra), model 
systems were constructed using Ag quantum dots with 10 nm diameter on top of ITO substrates with 
dimensions of 58 × 58 × 11 nm, and 20 nm (30 nm) thick ZnO (TiO2) ETLs (Figure 6.1a). Second, to 
calculate the spatial distribution of the electric field (to observe the near-field effect), a 90 nm thick 
PTB7:PC71BM active layer was added to the previously described model system (Figure 6.1b). To 




changed the medium according to the corresponding ETL’s refractive index (i.e., ZnO and TiO2) as 
shown in Figure 6.1c. Periodic boundary conditions were applied to implement an infinite array into all 
systems. The ambient medium was air for the model systems used to obtain the optical properties and 
the near-field enhancements. For the far-field scattering calculation, the ambient medium was ZnO or 
TiO2. The dipole spacing (d) was set to 1 nm for all systems. 
 
 
Figure 6. 1. Model systems used in the DDA calculation. (a) Model system for calculating the extinction spectra 
in ZnO or TiO2 layer systems, which consisted of a total of 104,284 or 137,924 dipoles, respectively. (b) Model 
system used for calculating the near-field enhancement (i.e. electric field contour plot). An active layer (i.e. 
PTB7:PC71BM) was added to the model system in (a), which consisted of 407,044 dipoles for the ZnO layer 
system and 440,684 dipoles for the TiO2 layer system, respectively. (c) Model system for calculating the far-field 
scattering of 2D Ag QAs, which consisted of 552 dipoles in an infinite ZnO or TiO2 medium. E (red arrows) and 
k (orange arrows) indicate the directions of electric field and incident light, respectively. Periodic boundary 






6.3 Results and discussion 
Prior to the application of 2D Ag QAs into PSCs, it is necessary to optimize both the size of quantum 
dots and dot-to-dot spacing. Excessively large metal particles (>30 nm) may, for example, have an 
influence on the internal quantum efficiency (IQE) of the device arising from direct contact between 
photogenerated excitons and the metal. Additionally, excessively dense 2D Ag QAs can reduce the 
transmittance of light through the transparent substrate. For these reasons, BCML was carried out to 
achieve optimal quantum dot size and spacing. This method allows accurate control of the size of the 
quantum dots with a narrow distribution of particle diameters, while also allowing control of the density 
of quantum dots by varying the molecular weight of the block copolymers that are utilized as soft 
templates.142-143  
In this work, polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) block copolymers were used for 
BCML (Figure 6.2a). A 0.5 wt % solution of PS-b-P2VP was prepared in toluene, which is a selective 
solvent for hydrophobic PS blocks, leading to the formation of a micellar structure with P2VP cores 
and PS coronas. AgNO3 was added to the polymer solution with a molar ratio of 0.5 Ag+ ions per 
vinylpyridine repeat unit. The solution was then stirred thoroughly for selective penetration of Ag+ ions 
into the P2VP micellar cores. Ag+-incorporated polymer micelle solutions were spin-cast onto ITO glass 
substrates, followed by removal of the polymer templates by hydrogen (H2) plasma treatment to yield 




Figure 6. 2. (a) Chemical Structure of the Polystyrene (Blue) and Poly-2-vinylpyridine (Red) Block Copolymer 
Molecule; (b) Schematic View of the Fabrication of 2D Ag QAs via BCML; (c) SEM Image of 2D Ag QAs Using 





We prepared 2D Ag QAs using 214000 (PS 172000–P2VP 42000) PS-b-P2VP resulting in an average 
particle diameter of 10 ± 2 nm and a dot-to-dot spacing of 48 ± 2 nm, as shown in scanning electron 
microscopy (SEM) images (Figure 6.2c). A summary of intrinsic properties, SEM image statistics, and 
transmittance spectra of 2D Ag QAs as a function of the molecular weight of PS-b-P2VP polymers are 
summarized in Figure 6.3 and Table 6.1. Various block copolymers were prepared as precursor 
materials, which could determine size and density with controllable distance of Ag QAs. In detail, since 
host solvent was toluene of hydrophobic property, micellar structures were formed with polystyrene 
(PS) coronas and poly(2-vinylpyridine) (P2VP) core. P2VP molecular number determined size of Ag 




Figure 6. 3. Comparison of 2D Ag QAs using block copolymer micellar lithography (BCML): (a)-(e) SEM images 
of Ag quantum dot patterns on ITO substrates prepared using different block copolymers. The measured interval 
distances and quantum dot diameters are noted as I and D, respectively, below each image. (f) Transmittance 





Table 6. 1. Number-average molecular weights and polydispersities of block copolymers compared to sizes, 








Average size of 






A 325 92 1.06 18±2 50±2 
B 172 42 1.08 10±2 48±2 
C 133 132 1.15 20±2 80±2 
D 213 215 1.29 26±2 82±2 






Considering polymer solar cells (PSCs) fabrication, the transmittance of 2D Ag QAs coated ITO 
glass is important. Because incident light through ITO and 2D Ag QAs embedded in ETL have effect 
on charge generation in photoactive layer of PSCs, comparable transmittance of minimum absorption 
and reflection losses were required at visible wavelengths. As shown in Figure 6.3f, the BCML based 
on PS 172-P2VP 42 has the highest optical transmittance. 
To characterize the optical properties inherent to synthesized 2D Ag QAs, we performed UV–vis 
absorption measurements. For the UV–vis measurements, 2D Ag QAs on ITO-coated glass substrates 
were covered with ZnO or TiO2 layers (Figure 6.4a). Each metal oxide layer was spin-cast using 
nanoparticles which were prepared following procedures reported elsewhere.144-145 Figure 6.4b shows 
the experimental absorbance spectra for two 2D Ag QAs samples embedded in ZnO and TiO2 media. 
The LSPR extinction peak for ZnO-covered 2D Ag QAs occurs at 480 nm wavelength, while the peak 
for TiO2-covered 2D Ag QAs exhibits a bathochromic shift of 40 nm. The higher refractive index of the 
TiO2 layer relative to the ZnO layer clearly resulted in a bathochromic shift of the LSPR of the 




Figure 6. 4. (a) Schematic diagram of Ag quantum dots embedded in ZnO and TiO2 electron transport layers 
(ETLs). The thicknesses of the ETLs were 20 nm for ZnO and 30 nm for TiO2 layers, respectively. (b) Normalized 
experimental absorbance and (c) normalized extinction spectra of 2D Ag QAs in ETLs obtained via DDA 
calculation. Each extinction spectrum of the ZnO and TiO2 systems was obtained from the difference of each film 
with and without 2D Ag QAs. 
 
To confirm experimental observations, we performed DDA calculations.132-135 Before performing the 
calculations, one critical issue was considered, which is whether the quantum confinement effects136-139 
significantly affected the properties of the small-sized metal nanoparticles used in this study. In previous 
studies, quantum effects have been neglected in the context of polymer solar cells due to the large size 
of metal nanoparticles (i.e., diameter >20 nm).146-148 However, in our system, the size of Ag quantum 
dots was 10 nm. In general, when the diameter of metal nanoparticles is less than 20 nm, quantum 
effects appear which affect LSPR properties. 
Considering quantum effects such as spatially nonlocal response of polarization and size dependent 




DDA calculations to calculate the extinction spectra (Figure 6.4c). The results were consistent with the 
measured UV–vis absorbance, as shown in Figure 6.4b. Furthermore, when we compared the extinction 
spectra including the quantum effects (Figure 6.4c) to nonquantum effects.140-141 (Figure 6.5), the 
overestimated extinction spectra of ZnO and TiO2 layers below 500 nm wavelength were reduced and 
subpeaks, which appeared over 550 nm wavelength, were smoothed out. These results indicated that 




Figure 6. 5. Calculated extinction spectra of 2D Ag QAs in each ETL without applying quantum effects. 
 
Next, to verify the effect of plasmon coupling between Ag quantum dots in 2D Ag QA systems, we 
calculated the extinction spectra of isolated Ag quantum dots, which consisted of one Ag quantum dot 
(Figure 6.6a) and compared this to an infinite array (Figure 6.6b). The isolated Ag quantum dot system 
showed a sharp extinction peak at its characteristic resonance wavelength, consistent with previously 
reported results from a number of plasmonic research studies.149-151 In contrast, the arrayed Ag quantum 
dots exhibited a broad resonance peak with a bathochromic shift of ∼30 nm. Thus, we infer that 
plasmon coupling between adjacent Ag quantum dots was one of the key mechanisms which led to the 






Figure 6. 6. Calculated extinction spectra of (a) isolated Ag quantum dot from Figure 6.1a, where the PBCs were 
not applied, and (b) two-dimensionally arrayed Ag quantum dots extended from Figure 6.1a with PBCs. 
 
PSCs were constructed using a blend of [4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-thiophenediyl] (PTB7) and [6,6]-phenyl C71 
butyric acid methyl ester (PC71BM) as an active layer. The device architecture used was glass/ITO/Ag 
quantum dots/ZnO or TiO2/PTB7:PC71BM/MoO3/Ag (Figure 6.7a). 2D Ag QAs were synthesized by 
BCML using 214000 (PS 172000–P2VP 42000) block copolymers. This block copolymer exhibited 
superior transmittance and PSC performance, without a reduction in fill factor (FF) compared to other 
PSCs incorporating 2D Ag QAs prepared using different molecular weight block copolymers. J–V 
characteristics of PSCs prepared using PS-b-P2VP with various molecular weights are summarized in 
Table 6.2. The optimal thicknesses of ZnO and TiO2 layers for our structures were around 20 and 30 







Figure 6. 7. (a) Device structure, (b) J–V characteristics under AM 1.5 illumination (100 mW/cm2), and (c) EQE 
of OPVs. Black traces correspond to OPVs without ETLs, while red and blue traces correspond to ZnO and TiO2 
ETLs, respectively. Empty circles correspond to devices without 2D Ag QAs while filled circles are with 2D Ag 

















- - - 14.8±0.88 0.74±0.01 0.66±0.01 7.30±0.12 
A 325 92 15.2±1.21 0.74±0.01 0.59±0.04 6.63±0.45 
B 172 42 15.4±1.08 0.75±0.01 0.67±0.02 7.66±0.09 
C 133 132 15.6±2.63 0.69±0.03 0.46±0.06 5.00±1.21 
D 213 215 13.8±3.24 0.55±0.10 0.43±0.11 3.23±2.01 

























800 35 14.8±0.30 0.71±0.01 0.67±0.01 7.34±0.08 
1500 26 15.0±0.38 0.74±0.01 0.66±0.01 7.26±0.06 
3000 20 15.1±0.22 0.74±0.01 0.66±0.01 7.61±0.11 
5000 14 14.8±0.43 0.74±0.01 0.63±0.01 7.45±0.09 
ITO/TiO2 
NPs/PTB7:PC71BM/MoO3/Ag 
800 42 15.1±2.18 0.74±0.01 0.61±0.06 6.82±0.98 
1500 30 14.8±0.028 0.74±0.01 0.68±0.01 7.45±0.07 
213 215 14.5±0.32 0.74±0.01 0.69±0.01 7.40±0.12 






Figure 6.7b,c shows the current density versus voltage (J–V) characteristics and external quantum 
efficiency (EQE) spectra of PSCs not only with and without 2D Ag QAs embedded in ZnO and TiO2 
but also 2D Ag QAs without ETLs deposited on ITO substrates. PSC parameters are summarized in 
Table 6.4. Devices comprising 2D Ag QAs without electron transport layers (ETLs) showed a low 
power conversion efficiency (PCE) of 1.87%, because of a low open-circuit voltage (VOC) of 0.23 V, 
and a low fill factor (FF) of 0.46. The performance of devices with ETLs was dramatically improved, 
with significant increases in VOC and FF, due to their roles of energy level alignment between the active 
layer and the electrodes, which facilitated balanced charge extraction as well as preventing charge 
carrier recombination which is mediated by direct contact between the active layer and metallic 
nanoparticles.152-154  
 










 cal. JSC 
(mA cm-2) 
none 14.4±0.23 0.28±0.02 0.46±0.03 1.87 2.03 14.21 
ZnO 14.5±0.17 0.74±0.01 0.69±0.01 7.39 7.40 14.67 
Ag/ZnO 15.8±0.19 0.75±0.01 0.69±0.01 7.97 8.18 15.29 
TiO2 14.6±0.21 0.75±0.01 0.69±0.01 7.49 7.55 14.57 
Ag/TiO2 16.2±0.15 0.75±0.01 0.70±0.01 8.27 8.51 15.52 
 
The use of a ZnO layer with 2D Ag QAs increased the PCE substantially, compared to that of the 
reference device without 2D Ag QAs. Specifically, the JSC was significantly improved from 14.5 to 15.8 
mA/cm2, corresponding to a 9.0% increase upon incorporation of 2D Ag QAs. Likewise, the device 
using a TiO2 layer on the 2D Ag QAs reached an optimal PCE of 8.51%. This improvement arose from 
a remarkable enhancement of JSC from 14.6 to 16.2 mA/cm2, corresponding to a 11.0% increase 
compared to reference devices without 2D Ag QAs. The open-circuit voltage and fill factor, however, 
showed no dramatic change in the presence or absence of 2D Ag QAs, implying that the 2D Ag QAs 
only increased the photocurrent generation via optical effects without greatly affecting the electronic 
properties of the devices. It is noteworthy that the insertion of 2D Ag QAs into ETLs resulted in 
negligible morphological changes of the ETL surface (see Figure 6.8). Consequently, the best PCEs 
were obtained in devices incorporating 2D Ag QAs with ETLs deposited atop the NAs, resulting in 






Figure 6. 8. AFM images (4 μm × 1 μm) of ETLs with and without embedded 2D Ag QAs. 
 
To clarify the JSC enhancement, EQE spectra as well as changes in EQE upon incorporating 2D Ag 
QAs are shown in Figure 6.9a,c. The EQE of devices incorporating 2D Ag QAs surrounded by ZnO 
exhibit enhanced photocurrent generation throughout the visible spectrum from 300 to 700 nm, with a 
distinct resonant peak at 470 nm, while the EQE spectra of devices with 2D Ag QAs inside TiO2 also 
exhibited significantly increased photocurrent generation, with two peaks in improvement around 370 
and 510 nm. The EQE enhancement from 350 to 400 nm is due to enhanced transmittance of the TiO2 
matrix after embedding 2D Ag QAs. The transmittance spectra of ETL layers with and without 2D Ag 
QAs are shown in Figure 6.10. We observed that the transmittance improved at wavelengths less than 
400 nm, despite the incorporation of 2D Ag QAs. This change can be attributed to reduced scattering 
of ETL layers upon 2D Ag QAs insertion (see Figure 6.11), an effect which was confirmed via DDA 








Figure 6. 9. EQE and EQE enhancement. (a, c) EQE with and without 2D Ag QAs embedded in ZnO and TiO2 
ETLs, respectively. (b, d) Measured absorption enhancement due to 2D Ag QAs embedded in ZnO and TiO2 ETLs 




Figure 6. 10. Transmittance spectra. (a) Absolute transmittance of ZnO and TiO2 layers with and without 2D Ag 






Figure 6. 11. Scattering cross-section difference between ETL + 2D Ag QAs and ETLs only. 
 
Notably, the Ag QAs embedded in TiO2 showed two strong enhancements at 370 and 510 nm, 
whereas Ag QAs embedded in ZnO showed only one peak at 470 nm. To understand this difference and 
to further investigate the effect of Ag quantum dots on the light absorption in the active layer, the 
absorption enhancement (Δαabs) was calculated from the following equation based on the reflectance 
spectra of each film (see Figure 6.12).147  
 
 Δαabs = − ln(𝑅𝐴𝑔/𝐸𝑇𝐿𝑠 − 𝑅𝐸𝑇𝐿𝑠) (6-6) 
 
The Δαabs spectrum strongly correlates with the EQE enhancement as shown in Figure 6.7b,d. This 
indicates that the enhanced photocurrent in devices with 2D Ag QAs can be attributed to additional 
absorption of the photoactive layer in these devices. The region of EQE enhancement and Δαabs peak of 
devices with TiO2 ETLs shifted toward longer wavelengths compared to devices with ZnO ETLs, a 
consequence of the greater index of refraction of the corresponding medium. This tendency shows 
excellent agreement with the tendency observed in UV–vis absorption spectra. In addition, it is found 
that the EQE enhancement and Δαabs in the TiO2 case is higher than that of ZnO. This can be attributed 
to the stronger intensity of LSPR-enhanced scattering in the case of TiO2. Whereas ZnO showed a small 
increase in Δαabs below 400 nm, TiO2 showed a much stronger increase in absorption due to this 
increased scattering efficiency at short wavelengths, consistent with the increased scattering in TiO2 
predicted by DDA modeling (Figure 6.11). These attributes explain why 2D QAs embedded in TiO2 






Figure 6. 12. Reflectance spectra of PSCs based on PTB7:PC71BM with 2D Ag QAs embedded in (a) ZnO and 
(b) TiO2 layers. 
 
To investigate the effect of 2D Ag QAs on the device performance in different media (i.e., ZnO and 
TiO2), we calculated the near-field enhancement inside the devices through electric field contour plots, 
which show the spatial distribution of the electric field (Figure 6.13a), and the far-field scattering of 
Ag quantum dots (Figure 6.13b) at peak wavelengths, respectively.  
 
 
Figure 6. 13. Calculated near-field electric field enhancement and far-field scattering. (a) Spatial distribution of 
the electric field of the device with ZnO and TiO2 layers. E(ω) is the induced electric field and E0 is the external 
electric field. (b) Angular plot of the far-field scattering of 2D Ag QAs in each ETL. The results were obtained at 
a wavelength of 500 nm for ZnO and 530 nm for TiO2, which were the peak wavelengths in the extinction spectra 
(as shown in Figure 6.4c). 
 
The intensity of the electric field in the vicinity of the Ag quantum dots was enhanced by about 13–
15 times in both ZnO and TiO2 layers. However, the near-field effect is spatially confined near the 
surface of Ag quantum dots and cannot propagate to the active layer. Therefore, the active layer could 




effect had only a minor influence on the device performance.155 In contrast, the far-field scattering of 
Ag quantum dots showed quite different results (Figure 6.13b). When the incident light interacted with 
2D Ag QAs, both ETL media showed that the forward direction (i.e., from 0° to 90° and from 270° to 
360°) of light scattering was dominant in comparison to backward scattering (i.e., from 90° to 270°). 
This result indicated that LSPR-enhanced EM wave could effectively propagate to the active layer. The 
induced variation in the angle of the incident light increased the effective optical path length of light in 
the active layer; this phenomenon is often called light trapping or a wave-guided mode.156-157 Similarly, 
in our system, the light-trapping effect led to increased exciton generation in the active layer. 
Furthermore, because the far-field scattering shows a large propagation distance, direct contact between 
excitons and Ag quantum dots is not necessary, confirming that charge recombination by the metallic 
nanoparticles could be avoided. Overall, we have identified the far-field scattering effect was the main 
mechanism for enhanced performance in PSC devices. In particular, the higher EQE enhancement in 







In conclusion, we have demonstrated highly enhanced performance in polymer solar cells using 2D 
Ag QAs synthesized by BCML. The LSPR peaks of 2D Ag QAs were tuned by varying the index of 
refraction of the surrounding medium. Ten-nanometer-sized 2D Ag QAs did not greatly affect the 
transmittance of ITO films; however, they did exhibit strong LSPR intensity in the visible range. DDA 
calculations of near-field enhancement and far-field scattering, considering quantum effects (i.e., 
intrinsic size effect and nonlocal effect) demonstrated that the far-field scattering of incident light led 
to light trapping in the active layer and was the primary reason for enhancement in device performance. 
Optimized 2D Ag QAs embedded in a TiO2 ETL resulted in a champion PCE of 8.51%. We believe that 
the environment-sensitive tunability of LSPR peaks in plasmonic nanomaterials offers a new and 
powerful method to tune the properties of plasmonic materials for a broad range of applications in 





CHAPTER 7.  Coordination Complex Triggered High Colloidal Stability 
of ZnO Nanoparticles for Organic Optoelectronics 
The content of this chapter is in preparation for the publication in a journal. 
 
7.1 Research background 
ZnO is known as a multifunctional material, which possesses high electrical conductivity158 and 
visible transparency (optical band gap, Eopt > 3.3 eV), photostability159-160, and, photocatalytic ability161-
162. In particular, it has been often utilized as a highly efficient n-type buffer layer of organic 
optoelectronic devices due to its proper energy level alignment to the active layer with ideal band 
dispersion163 for the selective charge extraction (or injection). Sol-gel and sputtering methods are being 
widely adopted for the preparation of ZnO thin film.164-168 But the methods cause inevitable damages 
by thermal annealing or ion bombardments on underlying layers during the deposition processes. It 
forces their applications to optoelectronic devices only with inverted structure, which the underlying 
layer is robust oxide layer in most cases. Consequently, synthesis of ZnO NPs have been intensively 
studied as an alternative method, which are able to reduce processing temperature under 150 ℃169-170 
or even requires no thermal annealing171 to form ZnO thin film. Most studies dispersed the NPs in 
nonpolar solvent with steric stabilization using long alkyl acid or amine ligands,172-173 or dispersed in 
the mixture of polar and nonpolar solvents, which greatly improves colloidal stability compared to the 
stability of the NPs in mono-solvent.174-175 The presence of nonpolar solvent in the solution, however, 
forces NPs to be used only in the inverted structure in the same manner as sol-gel or sputtering processed 
ZnO. Therefore, it is of great importance to improve colloidal stability of ZnO NPs in polar solvent to 
improve a versatility of the NPs in device applications. Methanol is one of the best candidates as an 
appropriate solvent for the NPs to form a thin film on organic layer with least damages, due to its solvent 
orthogonality and high volatility.176-178 Li et at. reported methanol treatment on PTB7-Th:PC71BM blend 
could rearrange the blend morphology toward favorable morphology and achieved the enhanced power 
conversion efficiency (PCE) by 9.8%.176 Guo et al.177 tested alcohol treatment on the active blend using 
various alcohols of methanol, ethanol, 2-propanol, and 1-butanol. Among them, methanol efficiently 
reconstructed the inner structure of the blend and altered the energy level at the interfaces between the 
active layer and the top electrode for better charge extraction. Based on the previous studies, it is 
expected that ZnO NPs in methanol would possess the advantages of both materials; methanol 
reconstructs the molecular packing of the active layer toward better morphology and ZnO NPs act as 




stability of ZnO NPs in methanol frustrates their applications in the organic optoelectronics with 
conventional structure and comprehensive studies on improving colloidal stability of ZnO NPs in 
methanol solvent have been hardly studied so far.  
In this manuscript, we report the greatly improved colloidal stability of ZnO NPs in methanol by 
adding coordination complex, titanium diisopropoxide bis(acetylacetonate) (Ti(acac)) as an efficient 
stabilizer. Metal acetylacetonates have been widely used as efficient metal precursor to synthesize metal 
nanoparticles. But few studies have provided systematic analysis on metal acetylacetonates as a 
stabilizer. We find that Ti(acac) is readily dissociated in methanol and forms Zn-acac bonds at the 
surface of ZnO NPs and Ti element, from Ti(acac), exists as Ti4+ state in oxide lattice. Additional 
electrons provided by Ti atoms effectively filled up deep trap levels, which results in the reduction of 
green luminescence from the NPs. In addition, acac functionalized ZnO NPs (fZnOs) exhibit 
significantly reduced aggregation between NPs in methanol and show long-term (for months) colloidal 
stability not only in methanol, but also in isopropanol and even nonpolar solvent such as chlorobenzene. 
Superior colloidal stability of fZnOs was further proved in polymer solar cell applications. PTB7-
Th:PC71BM179 devices using 2 months-aged pristine ZnOs (pZnOs) resulted in significantly decreased 
power conversion efficiency by 38.4%, compared to the devices with as-prepared pZnOs, which is 
attributed to the aggregation of the NPs. While, the devices with as-prepared and 2 months-aged fZnO 
exhibited nearly identical power conversion efficiency. The results provide simple and efficient routes 
to improve colloidal stability of metal nanoparticles and extend their applications to a variety of device 






7.2 Experimental details 
Materials 
All reagents were purchased from Aldrich, Alfa Aesar, or TCI Korea and used without further 
purification. [6,6]-Phenyl-C71-butyric acid methyl ester (PCBM) was purchased from Organic 







hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-M) were purchased 
from 1-Material. 
 
ZnO nanoparticle synthesis 
ZnO NP solutions were prepared using the method reported elsewhere with a slight modificatoin. [1, 
2] Briefly, Zinc acetate dihydrate (2.95 g, 13.4 mmol) was dissolved in 135 mL of methanol at 60 ℃. 
KOH solution (26.7 mmol of KOH in 55 mL methanol) was added dropwise to the zinc acetate solution 
under vigorous stirring and kept at 60 ℃ for 2 hours and 15 minutes. As-synthesized ZnO NPs were 
precipitated by centrifugation and washed twice using methanol. The precipitants were finally dispersed 
in methanol at high concentration as a stock solution (20 ~ 50 mg/mL). Before using it, the stock 
solution was diluted to the desired concentration (5~20 mg/mL). 
 
Material Characterization 
UV-vis absorption spectra were obtained in the wavelength range of 200 to 800 nm using an Agilent 
Cary 5000 UV-Vis-NIR spectrometer at room temperature. PL spectra were recorded between 350 to 
800 nm wavelength using a Varian Cary Eclipse fluorescence spectrophotometer at room temperature. 
Highly diluted solutions were prepared in 1 cm path-length quartz cuvettes in order not to exceed the 
highest possible intensity measured in the instruments, mostly occurs at short wavelengths. XPS spectra 
were collected using a Thermo Fisher scientific ESCALAB250XI with a monochromated Al-Kα X-ray 
source at a base pressure of 1.0 × 10-9 Torr. The samples were prepared by spin-coating onto 80 nm gold 
films on Si substrates with room condition. XRD measurement was carried out using a Bruker AXS D8 
Advance X-ray Diffractometer with CuKα radiation. The samples were examined in the range of 20 to 
80° by 0.02° (2θ) and the scan rate is 2.4° min-1. AFM height and phase images were taken with a Veeco 




substrate. FT-IR absorption spectra were recorded on Varian 670 / 620 FT-IR Microscopes in ATR mode. 
The samples were diluted in MeOH before the measurement. The TEM images were collected by JEOL 
JEM-2100F Field Emission Electron Microscope. The samples were prepared by a drop-dry method on 
carbon-coated copper grids. 
 
Device fabrication and characterization 
Polymer solar cells were fabricated with conventional structure. ITO patterned glass substrates were 
sequentially cleaned with distilled water, acetone, and isopropanol by ultrasonication for 10 min. The 
substrates were dried at 100 ℃ overnight. PEDOT:PSS (AI4083) was spin-coated onto the cleaned ITO 
substrate and annealed at 140°C for 10min. 
For PTB7-Th:PC71BM based devices, the mixture of donor and acceptor with a 1:1.5 weight ratio 
(11mg/ml) were dissolved in chlorobenzene (CB) :diphenyl ether (DPE) (97:3 v/v). Two non-fullerene 
blend solutions were prepared with a 1:1.25 weight ratio (12 mg/ml) dissolved in CB:1-
chloronaphthalene (CN) (98:2 v/v) and 1:1 weight ratio (11 mg/ml) in CB:1,8-diiodooctane (DIO) 
(99.5:0.5 v/v) for PTB7-Th:IEICO-4F and PBDB-T:IT-M, respectively. The solutions were 
magnetically stirred for 3h at 60 ℃. The polymeric blend solutions were spin-cast onto PEDOT:PSS 
layer in a nitrogen (N2)-filled glove box. Especially, PBDB-T:IT-M layer was annealed at 100 oC for 10 
min. after spin-cast. ZnO NP solutions were spin-coated on the photoactive layer. Subsequently, the 
device was pumped down under vacuum (<10–6 Torr), and Ag (85 nm, for PTB7-Th:PC71BM) and Al 
(100 nm, for PTB7-TH:IEICO-4F and PBDB-T:IT-M) were deposited by thermal evaporation. J-V 
characteristics of the devices were obtained using a Keithley 2635A source measure unit in the N2 filled 
glove box. A mask (3.51mm2) made of a thin metal was attached to each cell before characterization 
under AM 1.5G illumination at 100mW cm−2. EQE of the devices were determined using a PV 
Measurements QE system using monochromatic light from a xenon lamp under ambient conditions. 







7.3 Results and discussion 
For the preparation of stable ZnO NP solutions in methanol, 20.5 μM, 41.0 μM, and 82.0 μM of 
Ti(acac) was added to the ZnO NP solutions which were prepared by using previously reported 
method.180-181 The detailed procedure can be found in Supporting Information. In the following, each 
functionalized ZnO NP solution is denoted as fZnO-L, fZnO-M, and fZnO-H (low, mid, and high in 
concentration), respectively. ZnO NP solution without Ti(acac) was also studied as a reference (denoted 
as pZnO – pristine ZnO NPs). 
Figure 7.1a shows photographs of the prepared solutions with three different Ti(acac) concentrations. 
As-prepared pZnOs were translucent and easily filtered via 0.45 μm pore-sized PTFE filter. The addition 
of Ti(acac) with three different concentration (low, mid, and high) made the solutions transparent. 2 
weeks later, pZnO showed milky suspension, implying that strong aggregation occurred between NPs 
because of their high surface energy, while fZnO-L, M, and H maintained its high transparency. This 
observation suggests that the addition of Ti(acac) successfully prevents NPs from the aggregation in 
methanol solvent. Figure 7.1b exhibits the UV-Vis absorption spectra of the solutions with different 
Ti(acac) concentrations. Absorption onset of the reference solution was 368 nm, corresponding to 3.37 
eV of optical bandgap. The addition of Ti(acac) led to blueshift of absorption onset to 361 nm (3.43 eV) 
for fZnO-L and M, and 359 nm (3.45 eV) for fZnO-H. The slight widening in bandgap is due to weak 
quantum confinement of ZnO nanoparticles, caused by a loss of bulk properties after the segregation, 






Figure 7. 1. Stabilized ZnO NP solutions after the addition of Ti(acac). a) photographs of ZnO NP solutions 
dispersed in MeOH. b) UV-vis absorption and c) photoluminescence spectra of ZnO NP solutions. 
 
Figure 7.2 shows that pZnO exhibits stronger light scattering over whole wavelengths as it is stored 
longer, while fZnOs maintain sharp absorption onset. Same tendency was observed in 
photoluminescence (PL) spectra in Figure 1c. As increasing the concentration of Ti(acac), PL peak at 
536 nm was blue-shifted to 524 nm with decreasing the peak intensity and finally disappeared in fZnO-
H. Despite the fact that its exact origin is still under debates,183-186 green luminescence (GL) of ZnO is 
generally attributed to point defects which introduce deep level traps inside band gap. The decreases in 
the peak intensity could be attributed to filling up of the deep level states by providing additional 
electrons of substitutional Ti atoms in the lattice or at the surface. Later, we discuss in detail whether Ti 





Figure 7. 2. Comparison of UV-vis absorption spectra of (a) pZnO and (b) fZnO under ambient conditions (25℃ 
and 50-70% RH) for a month. 
 
Same tendency was observed in digital images of the NPs dispersed in less and nonpolar solvents 




Figure 7. 3. Colloidal stability of ZnO NPs in a variety of solvents. 
 
The influence of Ti(acac) on ZnO NPs at the atomic scale was investigated via transmission electron 




huge agglomerates. While, the addition of Ti(acac) triggered to reduce the degree of aggregation and 
each NP was homogeneously distributed throughout the images for fZnOs. Magnified images, shown 
as inset in each image, reveals that the size and shape of NPs were maintained regardless of the Ti(acac) 
concentration. Figure 7.4b represents the X-ray diffraction (XRD) patterns of ZnO NPs. Strong and 
well-defined diffraction patterns of reference NPs at 2θ = 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, and 
68.0° correspond to (100), (002), (101), (102), (110), (103), and, (112) of Wurtzite ZnO, respectively. 
As increasing the concentration of Ti(acac), the peaks became weaker and broader, which was 
commonly observed in nanostructures compared to its bulk counterpart. While, the peaks were observed 
at same positions, regardless of Ti(acac) treatment. 
 
 
Figure 7. 4. Transmission electron microscope images and X-ray diffraction patterns of Ti(acac) treated ZnO NPs 
(Inset: magnified images of individual nanoparticles). 
 
In Figure 7.5, reduced surface RMS roughness of fZnO thin films to less than a half (2.10, 1.54, and 
1.26 nm for fZnO-L, fZnO-M, and fZnO-H, respectively), compared to pZnO thin film (4.01 nm) further 
proves the effectiveness of Ti(acac) to prevent NPs from interparticle attraction. 
 
 
Figure 7. 5. Atomic force microscope topographs of ZnO thin films prepared on ITO substrates using Ti(acac) 





IR spectroscopy is an efficient tool to characterize the organic-functionalized surface of inorganic 
NPs. In order to identify interactions between Ti(acac) and the surface of ZnO NPs, IR spectra of pZnO, 
fZnO-L, M, and H are collected and compared in Figure 7.6a. Two weak vibrational bands of pZnO 
were observed at ~1570 cm-1, ~1420 cm-1, which is attributed to the residual acetate ligands on the 
surface of pZnO. For three fZnOs, strong vibrational bands were observed at 1586, 1520, and 1437 cm-
1, which correspond to the C=O and C=C vibrational bands of zinc acetylacetonate (Zn(acac)),187-188 
with a slight spectral shift to lower wavenumbers. The shift can be caused by lengthened bond length 
of Zn-O at the surface of the NPs compared to tightly bound metal-ligand bond in Zn(acac) complex.187, 
189 Nearly identical IR intensities of fZnO-M and H at three bands reveals that the amount of 
acetylacetonates on the surface of the NPs is likely to be saturated after 41 uM of Ti(acac) addition. 
 
 
Figure 7. 6. (a) IR spectra of Ti(acac) treated ZnO NPs. Dashed line exhibits the spectrum of Zn(acac) taken from 
reference 31. (b) UV-vis absorption spectra of pZnO, fZnO, Zn(acac), and Ti(acac) at UV region. 
 
It is found that fZnOs exhibit reduced surface hydroxyl groups (broad vibrational band around 3400 






Figure 7. 7. FT-IR spectra of Ti(acac) treated ZnO NPs in the range between 2600 and 3800 cm-1. 
 
The strong correlation between surface RMS roughness and IR intensity at three featured vibrational 
bands (Figure 7.8) supports our statement that reduced NP aggregation is mainly due to surface 
functionalization of ZnO NPs by Ti(acac). It is noteworthy that most metal acetylacetonate complexes 
exhibit similar IR responses,190-191 which may give rise to the concerns that the collected vibrational 
bands might arises from Ti(acac) rather than new Zn-(acac) bonds formed at the Zn rich surface of the 
NPs. Yet, strong doublet peaks around 1600 cm-1, which is a distinct feature of Ti(acac), were not 
observed in Figure 7.6a. This suggests that Ti(acac) is dissolved in methanol in the form of Ti4+ and 
bidentate (acac)- ligands, which is, then, attached to the surface of the NPs. The dissociation of Ti(acac) 
and the formation of Zn(acac) in fZnOs were further confirmed in Figure 7.6b. Two strong absorption 
peaks of Ti(acac) at 270.5 and 324.5 nm are not shown in fZnO spectrum. Rather, its strong absorption 
at 285 nm corresponds to distinct absorption feature of Zn(acac). The feature from Zn(acac) explains 
strong light absorption of fZnOs in the wavelengths below 320 nm, shown in Figure 7.1b. This result 






Figure 7. 8. The relation between IR intensities and RMS roughness of Ti(acac) treated ZnO NPs. 
 
X-ray photoelectron spectroscopy was carried out to characterize chemical composition of the 
processed ZnO thin films. O1s spectra in Figure 7.9 exhibit two peaks at 531.5 and 530.0 eV. The 
former corresponds to surface hydroxyl group of ZnO and the latter to Zn-O bond in the lattice.192 
Increasing intensities at 531.5 eV was observed as increasing the concentration of Ti(acac), which 
possibly be interpreted as a result of increased number of surface OH- group. However, it is 
controversial to the observation of reduced OH groups in fZnO samples as shown in Figure 7.7. Another 
possible explanation is based on the fact that Ti-O bond in Ti doped ZnO is also observed at 531.5 eV.193-
194 It is found that Ti atoms are involved in the thin film as two sharp peaks at 464.0 and 458.3 eV were 
shown in Ti 2p spectra, which corresponds to Ti 2p1/2 and 2p3/2 peaks of TiO2. Moreover, a slight shift 
of peaks to higher binding energy in Zn 2p spectra is possibly due to the de-shielding of positive charge 
of Zn nucleus caused by strong attractive force of substitutional Ti atoms to Zn core electrons, resulting 
in increased binding energy. From XPS results, it is found that Ti atoms are involved in the ZnO thin 
film and affect to the electronic structure of ZnO thin film, which is also confirmed via reduced PL 
intensities in Figure 7.1c. Yet, it is not certain whether Ti is actually positioned at the surface of the 






Figure 7. 9. X-ray photoelectron spectra of Ti(acac) treated ZnO NP thin film prepared on Au coated silicon 
substrate. 
 
We fabricated PTB7-Th:PC71BM based bulk heterojunction solar cells using p- and fZnOs. The 
device structure comprises sequential deposition of ITO/PEDOT:PSS/PTB7-Th:PC71BM/ZnO/Ag. ZnO 
layer was prepared using 5 mg/ml of ZnO NP solutions. Ag was intentionally used as top metal electrode 
to introduce energy level mismatch in the device where electron transfer from the active layer to Ag is 
energetically not favorable. The mismatch is corrected only when ZnO works as electron transport layer 
properly. J-V characteristics of the device with p- and fZnO are shown in Figure 7.10a and b, 
respectively. Photovoltaic parameters of the devices are summarized in Table 7.1. 
 
 
Figure 7. 10. J-V characteristics of polymer solar cells based on three different polymeric blends. PTB7-
Th:PC71BM based polymer solar cells using (a) pristine and (b) Ti(acac) treated ZnO NPs as ETLs. (c) PTB7-





















































When as-prepared NPs were used in the device, fZnO devices exhibited higher performance 
compared to the device with pZnO, especially in JSC (15.12 -> 15.63 mA/cm2), and FF (0.56 -> 0.71). 
It may be attributed to passivated deep level traps of fZnOs by Ti, which results in reduced charge 
carrier recombination at the blend/ZnO interface.195 We confirmed colloidal stability of ZnO by aging 
NPs for 2 months in ambient condition. The devices with aged pZnO exhibited significant reduction in 
all three parameters, resulting in decreased power conversion efficiency (PCE) by 38.4%. It is ascribed 
to the strong aggregation in the aged NP solutions as confirmed in Figure 7.1 and 7.4. The aggregation 
causes ZnO thin film with poor coverage on the active layer at low concentration and VOC of the devices 
significantly decrease by the direct contact of partially exposed active layer with energetically 
mismatched Ag electrode. Interestingly, it is apparent from Figure 7.10b that fZnO devices maintained 
nearly identical J-V characteristics. The summarized device parameters, shown in Table 7.1, prove that 
improved colloidal stability of fZnO enables negligible change in the quality of ZnO thin film despite 
2 months aging under ambient condition. Efficient electron transporting ability of fZnO was further 
confirmed by fabricating polymer solar cells using two peculiar polymeric blend, PTB7-Th:IEICO-
4F196 and PBDB-T:IT-M,197 which the former exhibits high JSC and the latter exhibits high VOC. For two 
devices, Al electrode was adopted instead of Ag electrode for the better energy level alignment in 
conventional structure. J-V characteristics of PTB7-Th:IEICO-4F and PBDB-T:IT-M based solar cells 
are shown in Figure 7.10c and d, respectively, and the parameters are summarized in Table 7.2. PTB7-
Th:IEICO-4F blend exhibited strong dependence on the presence of ZnO layer. The enhancement was 
particularly pronounced in VOC (0.53 -> 0.72 V) and FF (0.48 -> 0.66), which is commonly observed in 
nonfullerene based polymer solar cells without ETL. The use of ZnO boosted averaged PCE from 4.67 
to 10.49% corresponding to ~125% enhancement. 10.80% of high PCE was achieved at optimal 




Th:IEICO-4F based devices, but still considerable performance enhancement. 10.28% of the best PCE 
was achieved at optimal condition with 9.81% of averaged PCE corresponding to 38% enhancement. 
External quantum efficiencies from the corresponding devices can be seen in Figure 7.11. Integrated 
JSCs of each device, deduced from the spectra, are well consistent with those shown in Figure 7.10.  
 
Table 7. 2. Summary of photovoltaic parameters for PTB7:IEICO-4F and PBDB-T:IT-M based polymer solar 
cells. 




























































In conclusion, a coordination complex, Ti(acac), was employed as an efficient stabilizer in ZnO NP 
dispersed in methanol. The surfaces of the NPs were successfully functionalized with acac, which 
effectively reduced agglomerates of the nanoparticles confirmed by TEM images. The suppression of 
agglomerates formation in the NP solutions led to smoother surface roughnesses of ZnO thin films. 
Tetravalent Ti atoms in ZnO lattice passivated deep-level traps of the NPs, which led to significant 
reduction in green luminescence. It was also found that Ti(acac) exhibited its functionality even in other 
solvents with different polarities such as isopropanol and chlorobenzene. fZnO was then employed to 
the polymer solar cells with three different polymeric blends. PTB7-Th:PC71BM devices using as-
prepared and aged fZnO were compared and exhibited nearly identical J-V characteristics. The 
versatility of fZnO was further proved in two nonfullerene polymeric blends, PTB7-Th:IEICO-4F and 
PBDB-T:IT-M. We found that fZnO works as an efficient electron transport layer in both devices 
without deteriorating optimized polymeric blends morphology. 
We demonstrated simple and universal method to improve colloidal stability of ZnO nanoparticles 
and successfully applied them to the polymer solar cells with conventional structure, proving long-term 
stability of ZnO nanoparticle solution. Cheap, robust, and stable ZnO NPs dispersed in methanol will 
provide availability of conventional structure for highly stable and efficient polymer solar cells, which 
have been mostly achieved in inverted structure so far. Furthermore, the availability of the method in 






CHAPTER 8.  Summary 
In the thesis, newly developed solution-processing methods for highly efficient oxide and sulfide thin 
films were discussed from their synthesis to device applications. 
 
For oxide thin films, less perilous 2-methoxyethanol was utilized as a solvent for metal precursors. 
Hafnium and zirconium isopropoxides and tantalum ethoxide were readily dissolved in 2-
methoxyethanol followed by subsequent ligand exchange of metal alkoxides to metal 2-
methoxyethoxides. Spincoating the precursor solutions in N2 atmosphere effectively suppressed the 
solution from a violent reaction with O2 and H2O. And thermal annealing of the prepared samples in 
ambient air led to condensation and densification of the films, resulting in amorphous metal oxide thin 
films. 5.89, 5.48, and 4.67 eV of wide band gap were observed in HfO2, ZrO2, and Ta2O5 thin films, 
respectively, which show their potential application to transparent electronic devices. The optimized 
processing allowed the oxide films to achieve atomic scale smooth surface rms roughness < 0.2 nm, 
which is a vital factor for the efficient charge carrier transport in thin film transistors. Thin film 
transistors were fabricated using the oxide dielectrics. The devices exhibit comparable carrier mobilities 
with those of the devices using SiO2 gate dielectrics, while significantly reduced operating voltage by 
95%. The results introduce a simple and chemically less toxic approach for metal oxide preparation and 
suggest their potential for applications to low-power electronic device. 
 
In chapter 4 and 5, I introduced a facile solution-processable method for sulfide thin films. The idea 
was that tertiary butoxycarbonyl groups are often utilized thermally cleavable agents on polymers, I 
designed thermally cleavable metal thiolates as sulfide precursors. Metal thiolates were synthesized by 
simple mixing of metal acetate or isopropoxide with tertiary dodecane (or nonane) thiols. Rapid acid-
base reaction readily led to the formation of metal thiolates, and acetic acid or isopropanol as byproducts. 
Metal thiolate solutions were solution-processed on prepared substrates and thermally annealed to 
promote cleavages of the precursors. X-ray photoelectron spectra of the thin films identified that the 
films were successfully turned out to be metal sulfides. Weight losses during the transition was 
consistent to the mass loss from thiolate compounds to the expected metal sulfides. Chemical analysis 
on byproducts during thermal annealing revealed that the byproduct is a dialkylsulfide which is formed 
when the reaction is SN1 reaction. Furthermore, there was no carbon residue in the resultant sulfide 
films. It was found that the ternary and quaternary sulfide compounds could be prepared by simply 




transistors and solar cells. CdS transistor exhibited 61 cm2/Vs of extremely high electron mobility with 
high ION/IOFF ratio of > 105. CuInS2 solar cells were fabricated by mixing Cu and In thiolate precursors 
with 1:1 molar ratio. The device exhibited 1.11% and 1.53% of power conversion efficiency in the 
structures, ITO/ZnO/CdS/CuInS2/MoO3/Au and ITO/CuInS2/CdS/ZnO/Al, respectively. Relatively low 
power conversion efficiencies may be attributed to the poor crystallinity of selenization-less CuInS2 
layer and energetically unoptimized device structures. These reports marked, for the first time, the 
preparation of non-toxic solution processable sulfide thin films from nonpolar ink with a clarified 
decomposition chemistry. 
 
Last two chapters moved our attention to metal oxide nanoparticles that are an alternative way to 
form metal oxide thin films via solution processing. In chapter 6, we focused on utilizing an advantage 
of nanoparticle approach that there needs no or little thermal annealing to form a thin film. Two-
dimensional array of Ag quantum dots was applied to polymer solar cells to improve short-circuit 
current density of the devices using localized surface plasmon resonance. To make an efficient electron 
transport pathway to an anode, indium tin oxide (ITO), ZnO and TiO2 nanoparticles were synthesized 
and coated on Ag quantum dots. It is found that high refractive index of TiO2 induced redshift of LSPR 
peak of Ag quantum dots compared to that of the dots surrounded by ZnO. Calculated extinction spectra 
via discrete dipole approximation method was also consistent with the results. Duplication of the 
experimental results was possible when the calculation is under two assumptions that the dielectric 
function follows Drude-Sommerfeld model and the incident photon – conduction electron interaction 
is affected by neighboring quantum dots. In the polymer solar cells, both ZnO and TiO2 devices 
exhibited similar J-V characteristics with negligible photovoltaic parameters when plasmonic 
enhancement was not considered. However, two-dimensional Ag quantum dot array significantly 
improved power conversion efficiency of the devices especially in the case of TiO2. In order to find out 
the underlying physics on the improvement, near-field enhancement and far-field scattering by the 
quantum dots were calculated. In the near-field distribution, it was found that the dipolar excitation of 
the localized surface plasmon in the vicinity of the quantum dots were confined to the extremely local 
region, which are not reach to the active layer of the devices in both cases. However directional far-
field scattering of incident photons to the active layer by the quantum dots were observed in both cases, 
especially stronger in TiO2 case. This observation was well consistent with the experimental results. I 
found that ZnO and TiO2 nanoparticles could be a good choice for the formation of electron transport 
layer on Ag quantum dots with least amount of damage. As a result, the device performance was 
successfully enhanced by utilizing plasmonic phenomenon of Ag quantum dots. 
 
Finally, a simple and efficient strategy to improve colloidal stability of ZnO nanoparticles was 




stabilizer, to the nanoparticles dispersed in methanol. The coordination complex was readily dissociated 
in methanol and formed new Zn-acac bond at the surface of the nanoparticles. UV-vis absorption in the 
regions from 200 to 400 nm wavelengths and FT-IR spectra exhibited that Ti(acac) is completely 
dissociated and Zn(acac) is formed. The surface functionalization led to the segregation of ZnO 
agglomerates naturally formed in the solution. XPS identified that Ti is involved in ZnO lattice and it 
provides additional electrons to ZnO, resulting in a passivation of deep level traps of ZnO. The trap 
passivation was further confirmed in the reduced green luminescence of the coordination complex 
treated ZnO nanoparticles. Interestingly, it is found that the method is also applicable in other solvents 
such as isopropanol and chlorobenzene. The colloidal stability of Ti(acac) treated ZnO nanoparticle 
solutions were verified in the device application. Two ZnO samples, that one is fresh and the other is 2 
months aged under ambient air, showed nearly identical power conversion efficiency of polymer solar 
cells. At optimal condition, 10.80% of the highest power conversion efficiency was achieved in PTB7-
Th:IEICO-4F solar cells. The universal approach for high colloidal stability ZnO nanoparticle enables 
structure-independent preparation of device-grade ZnO thin films and provides more chances for 
researchers to improve the performance of optoelectronic devices. 
 
I have demonstrated solution-processing strategies of oxide and sulfide thin films for optoelectronic 
device applications. For sol-gel approach, the precursors were designed focusing on 1) environmentally 
friendly synthetic scheme, 2) simple preparation, and 3) carbon-free products while maintaining their 
thin film qualities. In the case of nanocrystal approach, I have tried to apply them to polymer solar cells 
as efficient electron transport layers by considering its advantage that no post treatment is required to 
form a target thin film. Both sol-gel and nanocrystal methods have their own advantages and the projects 
introduced in the thesis have utilized the methods under the consideration. It will offer a great potential 
for macroelectronic device application in preparing oxide and sulfide thin films with dramatically 
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6년 6개월의 짧다면 짧고 길다면 길 수 있는 학위 기간을 이렇게 마무리하게 되었습니
다. 긴 기간 정말 많은 동료와 교수님들의 도움이 있었습니다. 모두에게 감사하다는 말씀 
먼저 드리고 싶습니다. 게으른 제가 이렇게 과분한 성과를 내고 긴 thesis를 가득히 채울 
수 있었던 건 모두 덕분입니다. 
저는 한 가지에 빠지게 되면 정말 쉽게 집중하고 배우는 편이지만 굉장히 쉽게 싫증을 
냅니다. 어릴 적 컴퓨터에 관심이 많아 대학교 진학 후 컴퓨터과학 전공을 하였지만 금
세 지겨워져 6개월 뒤 에너지 공학으로 전과하게 되었습니다. 진로에 대한 확신이 없던 
시기에 우연히 듣게 된 전자소자 수업에서 지도교수님이신 김진영 교수님을 만나게 된 
건 제 인생 최고의 행운이었습니다. 3학년이라는 이른 시기에 연구실 경험을 할 수 있게 
되면서 자연스레 목표가 생겨났습니다. 학부에서 화학을 전공하고 온 제가 대학원 전공
을 물리학으로 바꾸고 싶다는 억지스러운 요청도 흔쾌히 받아들여 주셔서 제가 꿈에도 
그리던 4대 역학을 배울 수 있었고 컴퓨터 시뮬레이션을 배우고 싶다는 말에도 학부의 
우수한 교수님들을 소개해주시면서 저의 좁은 견문을 확장해 주셨습니다. 이렇게 다양한 
분야의 지식을 배운 덕분인지 실험실에서 집중하는 연구 분야와는 조금 다른 연구 분야
에 손을 대었지만 수월하게 해나갈 수 있었고 연구실적도 남부럽지 않게 만들어 냈습니
다. 교수님이 아니었다면 대학원에서 이렇게 다양한 경험을 할 수 없었을 거로 생각합니
다. 정말 감사합니다. 
대학원에 갓 입학한 저에게 교수님은 상당히 유망하지만, 도전적인 주제를 제안해 주
시면서 Bright Walker 박사님을 소개해주셨습니다. 지금 와서 얘기해보면 당시 처음 대학
원생이 된 저의 연구를 봐주는 사람이 외국인이라는 사실에 조금은 당황했었지만 지금 
와서 생각해보면 제 인생의 전환점 아니었나 싶습니다. Bright Walker 박사님은 제 미숙한 
연구에 화 한번 안 내시고 자상하게 가르쳐주시고 돌봐주셨습니다. 그뿐만 아니라 소자
에 집중하는 실험실 성격상 화학적인 분석에는 부족함이 조금 있었지만, 화학을 전공하
셨던 박사님 덕분에 물리와 화학 모두 신경 쓰면서 수월하게 해나갈 수 있었습니다. 정
말 감사합니다. 경희대에서도 좋은 결과 많이 내시길 기원하겠습니다. 
전, 현 NGEL 멤버들에게도 정말 감사하다는 말씀드리고 싶습니다. 항상 쓴 조언 아끼
지 않았던 기환이 형, 힘들 때마다 얘기 들어주고 공감해준 태효 형, 열심히 하고 열정적




은 자극이 되었던 학범이 형, 재기 형, 세영이 누나, 그리고 열심히 고생하면서도 각자의 
특기를 키워나가 제 연구에 많은 도움을 줬던 송이, 택호, 강택이 형, 영진이, 나경이, 재
원이, 형수, 윤섭이, 혜원이, 그리고 종득이, 지우, 우진이 등 후배들에게도 정말 고맙다는 
말 전하고 싶습니다. 
학위 논문 심사위원으로서 제 연구를 평가해주시고 조언을 아끼지 않으셨던 박혜성 교
수님, 이준희 교수님, 전영철 교수님, 서정화 교수님께도 감사드립니다. 
또 유니스트를 갓 입학한 학생에게 연구 기회를 제공해주신 기계항공 및 원자력 공학
부 김태성 교수님께 특별히 감사하다는 말씀 전하고 싶습니다. 교수님께서 제공해주신 
연구 기회들이 고된 대학원 생활을 헤쳐나갈 수 있는 큰 양분이 되었습니다. 
마지막으로 늦은 나이까지 공부하는 아들, 오빠를 믿고 기다려주고 항상 든든하게 지
원해주는 우리 가족에게 감사하고 사랑한다고 전하고 싶습니다. 
길고 길었던 대학원 생활을 마무리한다고 생각하기 조금 슬프기도 하고 후련하기도 합
니다. 앞으로 더 힘든 과정이 남아 있는 걸 누구보다도 잘 알고 있지만 여태까지 도움을 
주셨던 많은 분에게 받은 힘으로 계속해서 달려나가고자 합니다. 앞으로도 좋은 연구 성
과 많이 내고 좋은 교육 & 연구환경을 제공해준 내 모교 유니스트의 이름에 먹칠하지 
않는 허정우 되겠습니다. 다시 한번 감사드립니다. 
  
 
 
 
 
